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Development of alternative energy sources is essential to satisfy future energy demands. 
While remaining fossil fuel resources may substantially meet these demands, anthropogenic 
carbon dioxide (CO2) emissions from combustion processes will continue accumulating in the 
atmosphere and thus exacerbate climate change. There are a variety of carbon-free energy 
sources, including hydroelectricity, tidal energy, wind energy, biomass, and solar energy. Among 
those, solar energy would allow for a natural resolution to global energy problems if harvested 
effectively and used efficiently. Although solar energy can produce clean power in a renewable 
and sustainable manner, its expensive unit cost, which is mostly attributed to its high production 
cost, makes people hesitate to switch their energy sources. Artificial photosynthesis, which 
borrows partial steps from natural photosynthesis, suggests promising ways to produce clean 
energy: electron generation by light-harvesting molecules, hydrogen (H2) formation by water 
photolysis, and transformation of CO2 into hydrocarbon fuels. Photocatalytic metal oxides are 
commoly used for those energy production processes.  
Photocatalytic metal oxides, such as titanium dioxide (TiO2), are attractive materials for 
! xx 
solar energy applications, since they are low-cost materials and are a plentiful resource. The 
applicability of photocatalytic metal oxides will be enhanced if an economically viable process 
for synthesis of highly efficient metal oxide thin films is developed. In the work reported here, 
Aerosol processes, which are simple operations that can be easily scaled up, were used to 
fabricate metal oxide-based solar cell devices. Aerosol-chemical vapor deposition (ACVD), a 
simple, one-step process operating at atmospheric pressure, was developed to deposit 
nanostructured metal oxide films with controlled morphologies. The as-synthesized 
nanostructured thin films were used as photoanodes for both dye-sensitized solar cells and water 
photolysis. One problem is that the fast recombination of photogenerated electron-hole pairs 
suppresses the electrochemical reaction. It was found that noble metal nanoparticles with specific 
sizes can delay the recombination of electron-holes by forming junctions with metal oxides. 
Long lived photogenerated electrons improved device performance in both water photolysis and 
photocatalytic CO2 reduction. Along with the fast recombination of electron-hole pairs, another 
critical problem is limited light absorption of photocatalytic metal oxide, especially TiO2. 
Quantum dots (QDs) are promising solid-state photosensitizers, whose optical properties can be 
tuned by controlling their sizes. An electrospray system was employed to deposit QDs onto the 
nanostructured metal oxide films to enhance light absorption in the visible regime. Unlike 
existing methods such as chemical linking and chemical bath deposition, the electrospray method 
rapidly deposits QDs in a controlled manner.  Solar irradiance mostly lies in the visible as well as 
the near infrared (NIR) regime. Natural light-harvesting complexes inspired us to develop a 
concept of a bio-hybrid solar device. The device could harvest photons over a wide range of 
visible and NIR light by combining chlorosomes as a light antenna system and lead sulfide (PbS) 
QDs as artificial reaction centers for charge separation.  
! xxi 
In conclusion, ACVD and an electrospray system was used to fabricate highly efficient 
photoelectrodes for solar energy applications. These aerosol processes are expected to reduce the 
production cost of solar energy devices, and eventually will accelerate the wide utilization of 
solar energy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 1 
 
 
 
 
 
 
 
 
Chapter 1 
Background & Overview 
 
 
 
 
 
 
 
Some of the content of this chapter was published in: 
The Energy-Environment Nexus: Aerosol Science and Technology Enabling Solutions, Pratim 
Biswas, Wei-Ning Wang, and Woo-Jin An, Frontiers of Environmental Science & Engineering 
in China, 2011, 5, (3), 299-312. 
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1. 1 Background 
Energy is critical to society and essential to development.  It sustains all forms of life: a 
human being needs at a minimum, an average of 2,000 kcal person-1 day-1 (2.36 kWh person-1 
day-1).  To support their society, humans consume much more energy. For example, in the 
United States (and many other developed nations) people consume as much as 229,000 kcal 
person-1 day-1 (266 kWh person-1 day-1) of primary energy. This consumption has improved the 
quality of life, as reflected in better access to education, longer life spans, and higher incomes [1, 
2].  Nevertheless, there is also a pressing need to evaluate per capita energy consumption in 
developed countries to ensure that efficiency measures are implemented to the fullest, which will 
help in reducing these relatively large values. 
Future demand for energy is projected to increase and is strongly correlated to population 
growth.  Globally, the current energy consumption per year is approximately 16 TW, and the 
current population is about 6.75 billion.  In 40 years, the population is expected to double, and 
the energy consumption is projected to be 30 TW.  It is interesting to note that today 1.6 billion 
people are living with no access to electricity, and approximately 2.4 billion people are using 
wood, charcoal, and dung as their principal sources of energy [3]. It is clear that as people in the 
developing world strive to improve their quality of life, they will consume more energy. 
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Figure 1-1: Pie chart showing global energy portfolios in 2008 (data taken from Energy 
Information Agency, www.eia.gov and Ref. [4]) and graph showing atmospheric carbon dioxide 
concentrations as a function of total global anthropogenic emissions from 1950 to 2006. 
 
 The inset pie chart in Figure 1-1 depicts the global energy consumption in 2008, and the 
graph shows the cumulative global emissions of carbon dioxide since 1950. As outlined in the 
Report on Global Energy Future [4], fossil fuels are the primary energy sources that meet global 
demands today, and the world rely more on primary fossil fuel energy sources in future. It is, 
however, evident that fossil fuel sources are non-renewable, and hence are not sustainable for the 
distant future. Urgent attention must be paid to issues such as the emission of fine particles, toxic 
gases, and problematic greenhouse gases during the use of fossil fuels. Of particular interest is 
the anthropogenic emission of carbon dioxide into the atmosphere. As illustrated in Figure 1-1, 
anthropogenic emissions of carbon dioxide have increased in the atmosphere, resulting in 
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complicated changes in global climate. Furthermore, the situation is complicated by the non-
uniform distribution of primary energy sources (especially petroleum) across the planet. It is also 
clear that the world will need approaches to develop and use alternate energy sources, which 
people around the world can easily access, both to meet demand and ensure that environmental 
and political implications are minimal.  
 
1. 1. 1 Solar energy applications  
There are several options for renewable energy sources, such as solar, geothermal, waste, 
wind, biofuels, biomass, and hydroelectric power. Among them, solar energy is particularly 
attractive, because the earth receives tremendous energy from the sun every moment. If the solar 
energy can be effectively converted either into electricity or fuel, we will substantially meet our 
global future energy demand.  
Although solar energy can produce clean power in a renewable and sustainable manner, 
expensive solar utility costs, mostly attributed to the high production cost of the technology, have 
led to poor utilization. Its use is only 1% out of the total renewable energy utilization [4]. 
Besides the utility cost, the storage of energy generated by solar photovoltaic (PV) devices 
during the daytime is another challenge for wide utilization. Furthermore, silicon (Si), which is 
the main component for conventional PV devices, the most widely used solar device, is not ideal 
material for converting sunlight into the electricity, due to the considerable photon energy loss 
[5]. In an alternative approach, harvesting solar energy can be inspired by natural photosynthesis 
[6]. Just as in natural light harvesting, charge separation followed by harvesting solar energy is 
an essential step in artificial photosynthesis both to generate electricity [7] and to produce fuels 
by photocatalytic reduction [8, 9].  
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Figure 1-2: A diagram representing solar energy projects in the Aerosol and air quality research 
laboratory (AAQRL) at Washington University in St. Louis. 
 
As illustrated in Figure 1-2, a variety of solar energy studies has been conducted in the 
AAQRL. This dissertation described the marked studies: the development of sensitized PV 
devices (biohybrid solar cells and quantum dot solar cells), H2 production by splitting water 
(controlled morphology metal oxide thin films and new material development), and 
photocatalytic CO2 conversion. Beyond generating renewable energy, solar energy application 
can be extended to environmental treatment by photoreaction. In these applications, metal oxide 
thin films are not only a fundamental but also the most important component. 
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1. 1. 2 Thin films for solar cell applications 
For widespread use of solar energy, it is essential to develop a low-cost and stable 
photoelectrode with high-energy conversion efficiency. Various semiconducting metal oxides are 
attractive materials for photoelectrodes, since these materials are plentiful and stable. To improve 
energy conversion performance, both optical and electrochemical properties of thin film 
materials and morphologies need to be thoroughly considered.  
First, bandgap and band edge positions are important properties in both photovoltaics and 
photoeletrolysis of water. Bandgap determines the light absorption spectra of metal oxides. 
Materials with a narrow bandgap, such as hematite ( -Fe2O3; Eg = 2.26 eV)[10], cuprite (Cu2O; 
Eg = 2.1 eV) [11], and bismuth vanadate (BiVO4; Eg = 2.4 eV) [12], can absorb energy in visible 
light. Since photons mostly exist in visible light wavelengths, these narrow bandgap materials 
may be a good option as photoelectrodes. Although semiconductors with narrower bandgaps can 
harvest solar energy, they may also cause photocorrosion, which reduces stability. Meanwhile, 
semiconductors with a wide bandgap, such as anatase titania (TiO2; Eg = 3.2 eV) [13], zinc oxide 
(ZnO; Eg = 3.3 eV)  [14], tungsten oxide (WO3; Eg = 2.6 eV) [15], and nickel oxide (NiO; Eg = 
3.68 eV) [16], are stable, but absorb photoenergy only in the UV light range, whose spectrum is 
less than 3% of the entire solar light spectrum. These optical drawbacks can be overcome either 
by engineering the bandgap with dopant [13, 17] or by introducing multilayered materials with 
different bandgaps [18, 19]. Along with the bandgap, band edge positions should be carefully 
considered for a specific photoreaction [20, 21]. For example, to split water into hydrogen and 
oxygen, the conduction band should be lower than the reduction level of water, and the valance 
band edge position should be higher than the oxidation.  
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Second, a long diffusion length, that is the distance that an electron can diffuse before 
becoming recombined with holes, is recommended. The diffusion length, LD, is defined as [21, 
22] 
€ 
Ln = De τr , 
where Dn is an electron diffusion coefficient and τn is an electron lifetime. Here, Dn can be 
expressed as [21] 
€ 
De =
µ kb T
q , 
where µ is electron mobility, kB is Boltzmann’s constant, and q is the electrical charge.  
Thin film morphology determines both τn and µ. TiO2 particles with a high aspect ratio 
have a larger donor density than TiO2 with a low aspect ratio [23]. With a larger donor density, 
the electric field potential difference in the space charge layer is greater, reducing the 
recombination rate between electron-hole pairs and lengthening the resulting electron lifetime 
[24]. Grain boundaries between crystals can influence the electron lifetime and electron mobility. 
Thimsen et al. estimated electron lifetimes of two morphologies of films from the transient 
photovoltage characteristic [25]: 
€ 
τn =
−kB T
e (dV /dt)
−1
,
    
where e is the unit charge and dV/dt is the transient photovoltage. They found the electron 
lifetime in single crystal, columnar TiO2 film was about a factor of ten times longer than the 
lifetime in granular structure, in which 3.9 nm diameter TiO2 particles were slightly sintered. 
This superior electron lifetime led to improved energy conversion efficiencies in columnar TiO2 
film [25].  
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Aduda et al. [26] estimated electron mobility in different TiO2 film morphologies. Due to 
reduced grain boundaries, electron drift mobility was faster in the columnar structure than in the 
granular structure. Besides film morphologies, the exposed crystalphase also influences 
photocatalytic reactions [27, 28]. Furthermore, to delay the recombination of photogenerated 
electrons and holes, noble metal nanoparticles, such as platinum (Pt), gold (Au), silver (Ag), 
palladium (Pd), and rhodium (Rh), can be used. These noble metals help to separate electron-
hole pairs.  
Based on these photoelectrochemical properties, single-crystal and one-dimensional thin 
films, such as nanotubes, nanowires, columns, and nanorods, are the most promising 
morphologies either for harvesting solar energy or for efficiently converting it into fuels or 
electricity. Optimized dimensions of thin film structure have been suggested by modeling and 
verified by experiments. 1D vertically aligned film structures can break down the diffusion 
length from the absorption depth (~
€ 
1/α , where 
€ 
α  is an absorption coefficient) [21]. This 
structure allows photogenerated electrons to travel less than the diffusion length to react to the 
electrolyte. Such photogenerated electrons have less opportunity to be recombined with holes 
within the 1D structure. Furthermore, 1D thin film has a larger surface area than planar type film, 
so 1D thin film can provide larger surfaces for harvesting solar energy. Various methods to 
fabricate 1D thin films are summarized in Table 1-1.  
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Table 1-1: Brief description of different methods to fabricate 1D thin films. 
 
Approach Method Brief description 
Anodizing [29] 
• A cleaned metal foil is connected to a DC power supply.  
A platinum foil is used as a counter electrode. 
• Anodize the foil at 60 V for 17 h.  
• Anneal the film in oxygen above 525 °C 
Top-Down 
Etching process 
[30] 
• Immerse a Si wafer in a mixed solution of silver nitrate, 
hydrofluoric acid and water and heat to 50 °C for 2 h. 
• Wash the wafer sequentially with water, concentrated nitric 
acid, then a buffered HF. 
• Deposit the amorphous Si thin film using disilnae. 
• Anneal the thin film at 1,000 °C for 10 s. 
Hydrothermal  
process [31] 
• Load a precursor solution and place a cleaned substrate in a 
Teflon-lined stainless steel autoclave. 
• Leave the autoclave at 80~220 °C for 1~24 h in an electric 
oven. 
• After synthesis, rinse the substrate with deionized water.  
• Dry the substrate in the air. 
Seeded growth 
method [32] 
• Coat a cleaned substrate with quantum dots by  dip-coating. 
• Immerse seeded substrates in aqueous mixed precursor at 
92 °C for 2~50 h. 
• Rinse the substrate with deionized water. 
• Anneal the substrate in air at 400 °C for 30 min. 
Electrodeposition 
[33] 
• Place a cleaned substrate in a three-electrode reactor filled 
with a precursor at 80 °C. 
• Fix electrode potentials of -1 V versus standard calomel 
electrode.  
Vapor-Lquid-
Solid (VLS) 
growth method 
[34] 
• Make photolithographically patterning on a clean Si wafer. 
• Expose the wafer to buffered HF (aqueous) for 5 s. 
• Evaporate 500 nm Au (or Cu) and lift off the resist.  
• Anneal the wafer at 900~1,000 °C for 20 min under 1 atm 
of H2. 
• Provide a precursor with H2 under 1 atm. 
Chemical Vapor 
Deposition 
(CVD) [35] 
• Feed a vaporized precursor into the high-temperature zone 
of the reactor at 560~630 ° under a pressure of 5 Torr. 
Bottom-Up 
Sputtering [36] 
• Pump down the chamber to 5×10-6 mbar. 
• Sputter a metal target onto the substrate at 60-300 W of DC 
plasma power. 
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1. 2 Overview 
It remains challenging to synthesize low-cost metal oxide photoelectrodes with high 
efficiency and to develop new, economically viable processes to fabricate 1D photoelectrodes. 
Along with developing a thin film synthesis process, the thin film growth mechanism in the new 
system needs to be clearly defined to control the final morphology. To enhance the performance 
of photoelectrodes, the problems in photoelectrochemical and optical properties should be 
addressed. First, a fast recombination of electron-hole pairs diminishes the solar energy 
conversion efficiency. Noble metal nanoparticles suppress the electron-hole recombination, 
resulting in enhancement of photoreduction. However, behavior of photoelectrons in metal oxide 
at junctions with different sizes of noble metal nanoparticles has not been well studied. In 
addition to the electron lifetime, light absorption is a determinant of device performance under 
sunlight illumination. As discussed previously, the light absorption range with a specific metal 
oxide is limited. An effective light absorber is essential to harvest more photons. Wet chemical 
methods, which are the most used, are extremely time consuming, and they make it difficult to 
control the status of adsorptions of light absorbers onto the metal oxides. A rapid and 
controllable process for deposition of light absorbers is required for industrial scale production. 
Lastly, a noble light absorber, which can harvest photons over a wider spectrum and generate 
electrons effectively, needs to be developed. While a biohybrid light harvesting complex has 
been developed by combining commercial black dye molecules and natural chlorosomes [37], 
black dye molecules may not be ideal artificial reaction centers, which need to accept energy 
from chlorosomes. A new material is necessary to replace black dye molecules for biohybrid 
light harvesting systems. To address theses issues, several studies were conducted as part of this 
dissertation research. 
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1. 2. 1 Objectives 
 The objectives of this research are as follows: 
• Develop an aerosol process to fabricate 1D photoelectrodes. 
• Improve the solar-to-energy conversion efficiency of photoelectrodes. 
• Use as-synthesized photoelectrodes for various solar energy applications including 
hydrogen production by water photolysis, electricity generation by photovoltaics, and 
hydrocarbon fuel conversion by photocatalytic CO2 reduction. 
 
1. 2. 2 Outline 
 This dissertation addresses two main issues: how to fabricate low-cost photoelectrodes 
and how to improve their performance. In chapters 2, 3, and 6, aerosol processes are used to 
synthesize nanostructured photoelectrodes. Various efforts, including morphology control, 
delaying recombination of electron-hole paris, and extending the light absorption, are discussed 
in chapters 2 through 7.  
 Chapter 2 introduces a new aerosol process to synthesize nanostructured metal oxide thin 
films. The system, called  aerosol chemical vapor deposition (ACVD), is a new and simple 
process operating at atmospheric pressure. Herein, thin film deposition mechanisms, which are 
governed by aerosol dynamics, are described. As-synthesized TiO2 films with two morphologies, 
columnar and planar, were tested to understand the effect of morphology and to determine the 
optimal thickness of photoelectrodes with each morphology for maximum energy conversion 
efficiency. It is particularly important to control thin film morphologies. Chapter 3 discusses the 
thin film growth mechanisms in ACVD. The sintering process is key in determining the final 
morphology in ACVD. In chapter 3, the heat conduction effect influencing sintering behavior of 
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deposited particles is qualitatively explored, and the best strategies to control film morphologies, 
including columnar, granular and branch types, are suggested. The same film growth 
mechanisms can be applied to different substrates, such as tin doped indium oxide (ITO) and 
fluorine doped tin oxide (FTO) coated glasses or normal glasses. Here, columnar and 
mesoporous TiO2 thin films were used as photoanodes for dye-sensitized solar cells. The 
performance of these devices was tested to examine the effect of morphology. In addition to thin 
film morphology control, the performance of the thin film itself can be photoelectrochemically 
improved. In chapter 4, the effect of noble metal junction with a TiO2 thin film on water splitting 
was examined. In collaborations with professor Shubhra Gangopadhyay’s research group at the 
University of Missouri, we used the tilt-target room temperature sputtering method to deposit 
deposit Pt nanoparticles with different sizes onto nanostructured TiO2 films. The total sputtering 
time was varied to deposit different sizes of Pt nanoparticles onto the TiO2 surface. The behavior 
of photogenerated electrons in Pt-TiO2 composite electrodes is different with various sizes of Pt 
nanoparticles. In this chapter, the photocurrent of each Pt-TiO2 composited photoelectrode was 
measured to explore the size effect of the Pt nanoparticles. Chapter 5 describes the quantitative 
analysis of the behavior of photogenerated electron-hole pairs, both in the Pt-TiO2 composite 
electrode and the pristine TiO2 electrode, by conducting ultra-fast time-resolved transient 
absorption spectroscopy measurements. Tilt-target room temperature sputtering was again used 
to fabricate Pt-TiO2 photoelectrodes. The as-synthesized photoelectrodes were used to reduce 
CO2 under light illumination. Metal oxides with wide bandgaps, such as TiO2 or ZnO, have to be 
linked to light absorbers active in the visible or NIR regime for practical use under sunlight 
illumination. Chapter 6 introduces a method of (quantum dot) QD deposition onto the TiO2 
surface, using an electrospray system. QDs are solid-state light absorbers, which have promising 
! 13 
optical properties in solar energy applications. Due to the low Stokes number, in conventional 
spraying, it is hard to deposit QDs onto the surface without applying any external force. 
However, by applying a strong electric field, we successfully used an electrospray system to 
deposit QDs onto the TiO2 surface in a controlled manner. This methodology is expected to be 
scaled up. In addition to the deposition, the electrospray system allowed us to characterize the 
mobility size of a single QD. Natural photosynthetic organisms harvest solar energy with very 
high efficiency. In chapter 7, an improved biohybrid light absorber is introduced. Lead sulfide 
(PbS) QDs and chlorosomes were used as artificial reaction centers and light-harvesting antenna 
systems, respectively. It is a challenge to satisfy the Förster resonance energy transfer (FRET) 
model between these two components. By changing the size of the PbS QDs, we examined how 
the device performance varied. Chapter 8 summarizes conclusions from research in this 
dissertation and suggests future research directions.  
 Following the main chapters, Appendix A describes several important factors (optical 
absorption threshold, light absorption depth, space charge layer, and electric diffusion length), 
which should be carefully considered in designing metal oxide thin films. A digital picture of 
ACVD and standard operating procedure (SOP) are provided in Appendix B. In Appendix C, 
another application of metal oxide thin films, as gas sensors, is described. We used 
nanostructured tin oxide (SnO2) thin film prepared by flame aersol reactor (FLAR) in a prototype 
sensor. Finally, my curriculum vita is in Appendix D.  
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2. 1 Abstract  
An aerosol-chemical vapor deposition (ACVD) was designed to deposit nanostructured 
metal oxide films with controlled morphologies.  Characteristic times of the different processes 
governing deposition of the film were used to establish the relationship of process parameters to 
the resultant morphology of the film. Titanium dioxide (TiO2) films were synthesized with 
different morphologies: dense, columnar, granular, and branched tree type structures. The 
developed ACVD process was also used to deposit columnar nickel oxide (NiO) films.  The 
various films with well controlled characteristics (length, morphology) were used to establish the 
performance in solar energy applications, such as photosplitting of water to produce hydrogen. 
Columnar TiO2 films of 1.6 µm length with a platinum wire counter electrode resulted in 15.58 
% hydrogen production efficiencies under UV light illumination, which was 2.50 times higher 
than dense TiO2 films with a platinum wire counter electrode.  On replacing the Pt counter 
electrode with a columnar NiO film, efficiencies of 10.98 % were obtained. 
 
 
 
 
 
 
 
 
 
 
! 21 
2. 2 Introduction  
Non-fossil fuels such as hydrogen that are produced photo-electrochemically  by direct 
use of sunlight offer the prospect of meeting the ever-growing energy demand with minimal 
adverse effects on the environment 1-3.  It has been noted that besides intrinsic properties of the 
semiconductor electrode materials, the morphology of the metal oxide films plays a significant 
role in determining the efficiency of the photochemical process. Recent studies have established 
that an one-dimensional structure of the thin film results in higher conversion efficiencies.  This 
is due to the enhanced electron transport efficiency 4-10. Current synthesis methods of one-
dimensional metal oxide films require multiple production steps, followed by annealing to 
crystallize the material. In addition, the synthesis process is limited to specific substrates like Ti 
foils 6,7,11,12.  Recently, some single-step gas phase processes have been used to develop thin 
films 13. The particle-precipitation aided chemical vapor deposition (PP-CVD) system produces 
dense, faceted columnar grains which may not be desirable for solar application.  A flame 
aerosol reactor (FLAR) system was used to synthesize in an one step process, single crystal-
phase nanostructured films with well controlled morphologies 4,5.  One potential difficulty in the 
FLAR process is the ease of controlling the substrate temperature due to high heat flux from the 
flame, which in turn can lead to issues with controlling film morphology due to varying sintering 
dynamics.  To overcome this, a novel aerosol-chemical vapor deposition (ACVD) methodology 
is described in this paper.  The technique can be generalized for other oxide systems and is 
demonstrated for the deposition of titanium dioxide (TiO2) and nickel oxide (NiO).  The use of 
an oxide counter electrode in a photo-electrochemical cell instead of platinum was demonstrated.  
Due to accurate control of resultant film properties, the performance in water splitting was 
established as a function of film thickness and morphology. 
! 22 
2. 3 Results and discussion 
The precursor in vapor phase that is introduced into the reaction zone is converted to the 
molecular form of the oxide.  This is transported by the convective flow to the boundary layer 
close to the substrate surface.  Unlike the FLAR system 4, the thermophoretic force in the ACVD 
process is in a direction that opposes deposition.  However, the boundary layer is thin, the 
temperature gradient is not very high and the thermophoretic velocity is small compared to the 
diffusional velocity that results in deposition. After the diffusional deposition of the first set of 
particles, a structured pattern is observed depending on the processing conditions as illustrated in 
Figure 2-1.   
 
Figure 2-1: Illustration of three deposition and film growth pathways. A uniformly dense film is 
obtained in the vapor dominant regime (left), a one-dimensional, columnar film in the mixed 
vapor-particle regime (middle), and an aggregated granular film in the particle dominant regime 
(right). 
 
Depending on the various characteristic times: residence time (τres), reaction time of the 
precursor (τrxn), sintering time (τsin), and collision time (τcol), three different deposition regimes 
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of vapor dominant, vapor-particle mixed, and particle dominant are obtained (Figure 2-1).  In the 
vapor dominant regime, the residence time is significantly lower than the reaction time, thus the 
vapor only reacts on the substrate resulting in the formation of a dense film (analogous to a CVD 
process).  In the particle dominant regime, the reaction time is less than the residence time, 
resulting in the formation of particles in the gas phase of the reaction zone, followed by 
deposition onto the substrate.  As pointed out by Thimsen et al. 5, if the particles grow to larger 
sizes, the sintering process is slow, and hence a granular morphology film is obtained.  If the 
residence time and reaction time are of similar magnitude, then a mixed particle – vapor mixture 
deposits onto the substrate, resulting in the growth of columnar structured films. 
The residence time, τres, was estimated by assuming plug flow in the reaction zone. This provides 
a reasonable estimate of the time necessary to reach the edge of the boundary layer.  The reaction 
time, τrxn of the precursor vapor to be converted to the oxide was calculated using the following 
equation 14:  
€ 
τ rxn =
[C]i
Ri
     (1) 
where [C]i is the concentration of the metal oxide species and Ri is the reaction rate of the 
precursor 15. τsin for TiO2 particles is 16: 
€ 
τsin = 7.4 ×108T dpp4 exp
31,000
T
$ 
% 
& 
' 
( 
)   (2) 
 
where dPP is the primary particle diameter and T is the reaction temperature. And τcol can be 
estimated as 14: 
€ 
τcol =
2
β Ntot,0  
    (3)  
where β  is the coagulation coefficient and Ntot, 0 is the initial total particle number concentration. 
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Figure 2-2: Scanning electron micrographs of (a) dense TiO2 (test 7), (b) columnar TiO2 (test 3), 
(c) granular TiO2 (test 8), (d) branched tree-type TiO2 (test 9), (e) columnar NiO (test 10), and (f) 
particle packed-type NiO (test 11) films. 
 
For Tests 1 to 3 (Table 2-1), τrxn for TTIP is 313 ms and τres is about 62 ms. 
Approximately 18 % of the TTIP precursor is transformed into TiO2 particles, thus a mix of 
TTIP vapor and TiO2  particles approach the substrate.  This is referred to as the vapor-particle 
mixed regime for deposition (Figure 2-1). The size of TiO2 particles that are formed are the size 
of the monomer of TiO2, 0.4 nm. From equation (2), the estimated τsin is 0.05 µs. Thus, the 
particles that deposit are sintered rapidly, and the TTIP vapor that also deposits results in growth 
of a columnar structure (Figure 2-2 b).  With increasing deposition time, more of the mix of 
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vapor and particles deposited resulting in increasing of film thickness.  As the film grows 
thicker, a physical screening effect prevents particles from penetrating deeper into the film 17,18. 
Thus, the width of the column is typically greater towards the upper regions of the film.  For 
films produced in Tests 4 to 7, τres was decreased to 7.5 ms, resulting in less than 3 % of TTIP 
being converted into TiO2 particles. This resulted in TTIP vapor depositing on the substrate, 
followed by reaction to form a dense TiO2 layer (Figure 2-2 a).  For test 8, more particles were 
formed in the gas phase from the precursor due to the higher reaction temperature and precursor 
feed rate. This increased number of the particles resulted in shorter τcol14, and increase in the 
resultant particle size  19. As identified by Thimsen et al 4, larger particles only partially sinter 
and result in a granular structured film (Figure 2-2 c).  Such a phenomena has been reported 
earlier for the deposition of Si-doped hematite films 20,21.  As the film grows, additional 
complexities arise resulting in reduced temperatures in the upper regions of the film due to 
reduced heat transfer rates.  This results in the formation of branched-tree like structures (Test 9) 
as seen in Figure 2-2(d).     
This deposition framework of ACVD can be extended to nickel oxide (NiO) films.  
Precise data on decomposition kinetics of Ni(EtCP)2 precursor was not available, other than that 
it was faster than TTIP.  Two residence times of 15 (Test 10) and 34 ms (Test 11) were used.   
Figures 2-2 (e) and (f) show two different morphologies of NiO films that were obtained at these 
residence times. Well aligned NiO columnar structures were formed at the shorter residence time 
(Test 10), probably due to the vapor-particle mixed regime deposition condition, as described 
earlier. By increasing the residence time from 15 ms to 34 ms, vapor phase Ni(EtCP)2 was 
completely reacted, resulting in the deposition of particles rather than vapor phase precursor. 
Thus, the deposition regime shifted from a vapor-particle mixed regime to a particle dominant 
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regime, and the morphology changed from a well developed columnar structure to a granular 
type, particle packed structure.  
 
Figure 2-3: X-ray diffraction patterns of columnar TiO2 (test 2), dense TiO2 (test 6), and 
columnar NiO (test 10) films. In the XRD pattern, the squares correspond to crystal phase peaks 
of the ITO glass. PDF indexes for anatase TiO2 and NiO are PDF# 00-021-1272 and PDF# 01-
071-1179  
 
Figure 2-3 shows the XRD diffraction pattern obtained from the columnar TiO2, dense 
TiO2 and the columnar NiO films. The TiO2 films were single crystal anatase phase.  For the 
columnar NiO film, a strong peak with (220) was observed confirming that a oriented, single 
crystal film was formed.   
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 Having a process that can readily produce a range of films with very well controlled 
properties allows the determination of property-function relationships.  The as-deposited films 
were employed to split water for producing hydrogen (Figure 2-4).   
 
Figure 2-4: Photocurrents that are representative of watersplitting and hydrogen production  
efficiencies from ultraviolet light as a function of film thickness. Data points represented by 
circles refer to photocurrents of columnar TiO2 films with a Pt wire counter electrode.  Data 
points represented by squares refer to photocurrents of dense TiO2 films with a Pt wire counter 
electrode, and the triangles refer to photocurrents of columnar TiO2 films of 1.6 µm with a 
columnar NiO film as a counter electrode. 
 
The hydrogen generation rate can be estimated from the photocurrent using the energy 
conversion efficiency equation 5. Columnar TiO2 films showed higher photocurrents than dense 
TiO2 films of similar thickness. The UV-light to hydrogen conversion efficiency of the columnar 
TiO2 film with a thickness of 1.6 µm was 15.58 %, 2.50 times higher than the dense TiO2 film of 
similar thickness. The higher photocurrents in the columnar films are likely a result of a larger 
surface area compared to the dense structures, resulting in higher production of electron-hole 
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pairs.  Additionally, the average distance the hole has to travel to the surface is shorter in the 
columnar morphology, resulting in lower recombination. Both morphologies of the TiO2 films 
showed the same trend of increasing photocurrent up to a critical thickness of approximately 1.6 
µm. When the film thickness was larger than this critical thickness, photocurrents of TiO2 films 
decreased.  Thicker TiO2 films can harvest more photons, but if the thickness is greater than the 
critical thickness, the electron lifetime is less than the electron-hole transport time, resulting in 
greater recombination, and decreased photo-currents.  A similar trend was observed in earlier 
work 5.  The columnar NiO film prepared by the ACVD system was used as a hydrogen-evolving 
catalyst (cathode) instead of a Pt wire. Pt is a well-known efficient catalyst for hydrogen 
evolution, but replacing Pt with more cost-effective materials is desirable for scale-up 22. NiO is 
an attractive alternative cathode material 23. The photocurrent conversion efficiency of the 
columnar TiO2 film of 1.6 µm thickness with the columnar NiO cathode was 10.98 %.  Though 
this is lower, the cost gains of replacing Pt by NiO maybe important. 
In summary, a simple, one-step ACVD system was developed and demonstrated for the 
deposition of films with varying morphologies. Three main deposition mechanisms were 
established: vapor dominant (resulting in dense films), vapor-particle mixed (columnar films), 
and particle dominant (granular).   The ACVD process can be used to produce a variety of 
different films for determination of property-function relationships.  Photocurrents of columnar 
TiO2 films with 1.6 µm thickness were 2.50 times higher than dense TiO2 films with similar 
thickness. Columnar NiO films were effective as use as a hydrogen evolving catalyst, however, 
the photocurrents were lower than that of Pt counter electrodes.   
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2. 4 Experimental section 
The experimental conditions for the ACVD system to synthesize TiO2 and NiO films 
with different morphologies are listed in Table 2-1. Titanium tetraisopropoxide (TTIP, Sigma-
Aldrich) was used as a precursor and introduced into the reaction zone by flowing a gas through 
the bubbler that was maintained at 23 °C.  The deposition substrate was ITO coated glass (Delta 
Technologies, Stillwater MN) that was maintained at 450 °C for tests 1 to 7 (Table 2-1). 
Meanwhile, for tests 8 and 9, the temperature of the bubbler was at 32 °C (higher feed rate) and 
that of the ITO coated glass substrate  was 500 °C. Bis(ethylcyclopentadienyl) nickel (Ni(EtCP)2, 
Sigma-Aldrich) was used as the precursor (temperature of bubbler 40 °C)  to deposit NiO films 
onto the ITO substrate that was maintained at  550 °C. The as-deposited metal oxide films were 
characterized by a scanning electron microscope (SEM, Model Hitachi S4500) operating at 15 
kV to determine the thickness and morphology of the film.  A X-ray diffraction technique (XRD, 
Rigaku D-MAX) with Cu Kα radiation (λ=1.5418 Å) was used to determine the crystal phases. 
Two types of water splitting tests were performed with the as-deposited films. The TiO2 
photoanodes were illuminated by an ultraviolet light lamp (Oriel) with intensity of 40 mW/cm2. 
In the external circuit, a constant bias voltage of 0.8 V was applied using a power supply 
(Keithley 2400). After 5 minutes of illumination, photocurrents were measured, and then 
normalized by the active area.  The first test was to measure photocurrents with various 
thicknesses and different morphologies of TiO2 films (tests 1 to 7) as photo-anodes, and a 
platinum wire as the hydrogen evolving catalyst (cathode). In the second test, the photocurrent 
(test 2) was measured in a cell where the cathode was a columnar NiO film. 
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Table 2-1: Summary of experimental parameters and reults for TiO2 and NiO films 
Test Deposition 
time [min] Precursor 
Carrier 
gas 
[slm] 
Total 
flowrate 
[slm] 
Precursor 
concentration 
[mol/min] 
τres 
[ms] 
Temperature of 
the substrate 
[°C] 
Particle 
ratio [%] 
Film 
thickness* 
[µm] 
Film morphology 
1 40 TTIP 0.55 0.55 1.66 × 10-6 62 450 17.7 1.3 Columnar 
2 50 TTIP 0.55 0.55 1.66 × 10-6 62 450 17.7 1.6 Columnar 
3 60 TTIP 0.55 0.55 1.66 × 10-6 62 450 17.7 2.5 Columnar 
4 60 TTIP 0.55 2 1.66 × 10-6 7.5 450 2.4 0.9 Dense 
5 70 TTIP 0.55 2 1.66 × 10-6 7.5 450 2.4 1.2 Dense 
6 90 TTIP 0.55 2 1.66 × 10-6 7.5 450 2.4 1.3 Dense 
7 120 TTIP 0.55 2 1.66 × 10-6 7.5 450 2.4 1.7 Dense 
8 60 TTIP 0.55 0.55 3.28 × 10-6 33 500 19.86 N/A Granular 
9 120 TTIP 0.47 0.9 2.80 × 10-6 20 500 12.62 N/A Branched tree 
10 60 Ni(EtCP)2 0.8 1 N/A 15 550 N/A N/A Columnar 
11 60 Ni(EtCP)2 0.8 1 N/A 34 550 N/A N/A Particle packed 
* Thickness was measured from SEM images. 
For synthesis of TiO2 films (test 1 to 9), oxygen was not provided. 
For synthesis of NiO films (test 10 and 11), the flowrates of oxygen were 0.2 [slm]. 
For test 1 to 7, the temperature of the bubbler was 23 °C, for test 8 and 9, the temperature was 32 °C, and for test 10 and 11, the 
temperature was 40 °C respectively.
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3. 1 Abstract 
The aerosol chemical vapor deposition (ACVD) process allows for the synthesis of 
nanostructured films with well controlled morphologies that can be controlled based on the 
desired functionality and application.  A robust understanding of the process parameters that 
result in desired features of the film is elucidated.  One dimensional TiO2 nanostructured 
columns that have superior properties for solar energy harvesting and conversion applications 
were deposited on tin doped indium oxide (ITO) substrates. The sintering of the deposited 
particles was a key factor in the growth of the 1-D structure with desired crystal planes.  By 
ensuring that the sintering rate is faster than the arrival rate of deposited particles; a 1-D 
columnar structure could be obtained. The sintering rate was controlled by the temperature and 
depositing particle size.  As the columns grew in length, the increased thermal conduction 
resistance resulted in a drop in temperature and subsequently a slowing of the sintering process 
in upper regions of the film. This led to growth of branched structures rather than continued 
growth in a preferred direction. The growth of the branched structure could be overcome by 
enhancing the sintering rate by increasing the substrate temperature or reducing the depositing 
particle size (by lowering the feed rate of the precursor).  The phenomena was also confirmed by 
using different deposition substrates, such as FTO and glass.  Dye sensitized solar cell 
performance efficiencies with different column lengths of 2 and 7 µm were determined to be 1.8 
and 2.7% respectively. 
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3. 2 Introduction 
Population increase and economic development have resulted in increased global energy 
consumption. The total consumption per year is estimated to become 40.8 TW by 2050.1, 2 Due 
to limited natural resources and to overcome negative environmental effects such as climate 
change caused by carbon dioxide emission from the combustion of fossil fuels, renewable and 
sustainable energy sources are required. While solar energy is considered to be an unlimited 
energy source, its high production cost and small scale are major obstacles for its wide 
utilization.  
Titanium dioxide (TiO2) has novel photocatalytic properties and is a low cost 
semiconducting material. TiO2 has been widely used for photovoltaic cells,3-6 for 
photoelectrochemical cells to decompose water into hydrogen and oxygen,7-12 and for converting 
CO2 into useful fuel gases.13-15 In addition to the intrinsic properties of TiO2, the morphology of 
the film is an important parameter that governs overall performance efficiencies. Single crystal-
phase TiO2 nanostructures with one-dimensional (1D) orientation, such as nanotubes, nanowires, 
columns, and nanorods, have shown better photocatalytic performance than those of planar or 
random orientation structures.8, 9, 11, 12, 16-18 There are several reasons why 1D TiO2 
nanostructures have improved photocatalytic performance. First, the surface area of the 1D film 
is larger than that of planar films.9, 19 Second, single crystals enhance electron mobility by 
significantly reducing grain boundary effects,16, 20 resulting in longer electron lifetimes.8 Finally, 
a well-constructed space charge layer along the longitudinal direction of the TiO2 nanocrystal 
and a high aspect ratio resulting in a higher concentration of electron donors leads to a reduced 
electron-hole recombination rate as well as an increased electron lifetime.21, 22  
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A number of deposition techniques have been employed to immobilize TiO2 with 1D 
orientation onto a substrate.11, 12, 17, 23-28 The recently developed aerosol- chemical vapor 
deposition (ACVD) process9 to synthesize metal oxide films with columnar morphologies has 
several significant advantages over other existing methods. Since ACVD is a one-step process 
that operates at ambient pressure, the system is an economically viable process that can readily 
be scaled-up. It should be noted that the ACVD process is different from the aerosol assisted 
CVD process29 and the flame aerosol reactor process.16 Unlike conventional metal organic 
chemical vapor deposition (MOCVD) methods,23-26, 30-32 the nanostructured film morphologies 
can be well controlled by understanding the key process parameters during deposition. In 
addition to the residence time, the temperature-dependent sintering rate of TiO2 nanoparticles33 
also influences film morphologies.8, 9, 16 The morphological differences are caused by varying 
sintering rates, which in turn depend on the temperature. However, the thermal conduction 
effects that dictate temperature profile in the columnar structure have not been systematically 
studied.  
In this study, the role of thermal conduction on the growth mechanism of columnar TiO2 
films is discussed. The film growth mechanisms on the substrate with respect to various sintering 
rates are suggested. Both the TiO2 film thickness-induced sintering behavior and its effect on the 
growth mechanism of columnar TiO2 films are examined. The substrate thickness-induced 
thermal conduction effects on the film growth mechanism are described for different substrates. 
In addition, dye-sensitized solar cells (DSSCs) are made from a selection of TiO2 films 
synthesized by ACVD. The performance of these DSSCs is compared with porous TiO2 cells 
formed from sintered nanoparticles. 
 
! 38 
3. 3 Experimental section 
3. 3. 1 Synthesis of TiO2 thin films and characterization 
Titanium tetraisopropoxide (TTIP, Sigma-Aldrich) was used as a precursor to TiO2. TiO2 
coating samples were prepared with three different glass substrates: tin-doped indium oxide 
(ITO) coated aluminumosilicate glass (Delta Technologies, Stillwater, MN), fluorine-doped tin 
oxide (FTO) coated EAGLE-XG (Corning Incorporated, Corning, NY), and normal glass 
microscope slide substrates (VWR International). The thicknesses of the glass substrates were 
0.7, 0.7, and 0.95 cm, respectively. A detailed description of the ACVD process is presented 
elsewhere.9 Depending on the residence time of the vapor precursor (τres), three different 
deposition regimes can be induced, which produce different types of film morphologies. For this 
study, τres was fixed at 20 ms except test 10; for test 10, it was 25 ms. Temperatures on the 
substrate were measured by a K-type thermocouple (OMEGA Engineering Inc), and monitored 
by a temperature reader (OMEGA Engineering Inc). The precursor feed rate was 2.41 µmol/min 
for all tests except test 8 and test 10 in which the feed rates were 1.12 and 4.95 µmol/min, 
respectively. For comparison, “standard” TiO2 films were synthesized on extra pieces of the 
same substrates as used for ACVD TiO2 deposition. Two slurries were used to obtain the TiO2 
coating: (1.) Aerodisp W2730x, shaken well before using, and (2.) Aeroxide TiO2 P25, prepared 
as a ~6.5 wt% slurry in ethanol and mixed with PEG (MW 10K, ~60%wt H2O solution) in a 2:1 
wt/wt ratio. The slurries were made into TiO2 coatings through a ‘layer by layer’ process. The 
W2730x TiO2 slurry was coated onto the substrate by spin-coating (Spincoater, Model P6700 
Series, Specialty Coating System, Inc) at 1500 rpm for 30 sec with a ramping set at 30 sec – 
achieving a transparent TiO2 coating. These films were dried at 100 °C, then sintered in a 
furnace, ramping from RT to 250 °C at 10 °C/min, holding for 30 min, then ramping to 450 °C at 
! 39 
10 °C/min and holding for 30 min, then cooling to RT at the natural heat loss rate of the furnace. 
The P25/PEG (MW 10K) slurry was drop-cast onto the initial coating – forming the opaque 
secondary coating and subsequently fired again with the same temperature profile. The thickness 
and morphology of as-deposited TiO2 films were characterized by a scanning electron 
microscope (SEM, FEI Nova NanoSEM 2300) operating at 15 kV. The crystallinity of the 
sample films were characterized by an X-ray diffraction technique (XRD, Rigaku D-MAX) with 
Cu Kα radiation (λ=1.5418 Å).  
 
3. 3. 2 Tests for dye-sensitized solar cells 
TiO2 films as synthesized by ACVD were used. Excess TiO2 was removed from each 
film by a razor blade to leave 1 cm2 square patches. Before dying, the TiO2 coated substrates 
were cleaned by air plasma for 5 min. TiO2 films were dyed for 24 hr in a 0.2 mg/mL solution of 
Ruthenium 535 (N3) dye (Solaronix) in 200 proof ethanol. Back electrodes were prepared from 
FTO-coated glass with a thin platinum catalytic layer made by dropping platisol (Solaronix), 
which was then fired at 400 °C for 10 minutes. A low-temperature melting adhesive film (Integra 
709, Surlyn) with a thickness of 50.8 µm was used as gasket material to assemble the cells. The 
film was cut to shape and clamped between the two substrates, and then heated at 125 °C for 5-7 
min to bond the gasket to each substrate. An electrolyte was made following a published 
formulation.34 Cells were filled under a nitrogen atmosphere in a glove-bag and sealed with 
Adhesive Tech High Temp hot glue. Prepared DSSCs were tested using a Solar Simulator to 
provide AM1.5 illumination with an intensity of 100 mWcm-2. The voltage and current output of 
the cells were recorded as the external load resistance was varied. 
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3. 4 Results and discussion 
3. 4. 1 Deposition mechanisms in the mixed vapor-particle regime by the ACVD process 
Based on our findings in a previous study,9 columnar TiO2 films can be formed by the 
deposition mechanisms prevalent in the mixed vapor-particle regime. By manipulating the forces 
acting on particles, including convection force, diffusion force, thermophoresis, and van der 
Waals interactions between particles, 1D oriented structures can be formed on the substrate.35, 36 
Figure 3-1 illustrates deposition pathways in the mixed vapor-particle regime for the ACVD 
process. Three different morphologies: the columnar type, the branched-tree type, and the 
granular type can be formed, depending on the sintering rate (a function of temperature and 
particle size). If the substrate temperature is high enough for as-deposited particles to be sintered 
rapidly, the final film structures can be grown with a 1D orientation. Conversely, if the substrate 
temperature is not high enough or if the initial particle sizes are too large, the sintering time for 
particles is much longer than the travel time of a particle. The particles that are deposited on the 
substrate are only partially sintered, forming a randomly oriented granular structure. For the 
branched-tree type structure, initially columnar structures are formed on the substrate.  
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Figure 3-1: Deposition mechanisms of TiO2 structures in the mixed vapor-particle regime, 
which represent columnar (top case), branched-tree type (middle case), and irregular rod type 
(bottom case), respectively 
 
However, as the columnar structure grows with a 1D orientation, the surface temperature on the 
TiO2 structure decreases in the axial direction because of reduced thermal conduction. The 
sintering rate is decreased, causing the offshoot structures from the main columnar structure. The 
sintering rate strongly influences final film morphologies. Temperature is an important parameter 
that impacts the sintering rate.  
 
3. 4. 2 Comparison of sintering and arrival rate during the synthesis process 
To investigate the temperature profile within the TiO2 structure, a simple heat conduction 
model with a single TiO2 columnar structure was used. The simplified heat transfer model is 
described in Figure 3-2.  
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Figure 3-2: Simplified 1D heat conduction model with a single columnar TiO2 structure on the 
TCO substrate 
 
It is assumed that the TiO2 structure has a rod-like shape with a diameter of 300 nm, and 
it is in complete contact with the heated TCO (transparent conductive oxide) substrate. It is 
further assumed that the primary mechanism is heat conduction from the heated substrate to the 
TiO2 structure in the axial direction only (thermal radiation from the surface is neglected). The 
temperature profile within the columnar TiO2 structure with respect to the length of the film l is 
given by37 
€ 
T (l) = T∞ + (Ts −T∞)
cosh[m(L − l)]+ (h /mk) sinh[m(L − l)]
cosh(mL) + (h /mk) sinh(mL)
$ 
% & 
' 
( ) 
                        (1) 
where
€ 
m = hπDkAc
; 
€ 
T∞  and 
€ 
Ts  are respectively an ambient air temperature and a substrate 
temperature; h is the heat convection coefficient of air (~100 W/m2 K); k is the thermal 
conductivity of the TiO2 columns. The thermal conductivity of the TiO2 used in this study is 1.12 
W/m K, as the columnar structures are highly oriented having an anatase crystal phase.38 D and 
Ac are respectively the perimeter and cross sectional area of the TiO2 column. As the film grows, 
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heat resistance along the axial direction of the TiO2 structure increases, and the surface 
temperature in the upper region of the column decreases compared to that of the lower region of 
the column.  
The characteristic times for sintering along the axis of the TiO2 structure are estimated 
using the temperature profile T(l). Since the melting temperature of TiO2 is high, solid-state 
diffusion is the main mechanism for sintering. Depending on neck growth formed between two 
particles during a sintering process, two stages of sintering can be defined: the initial stage and 
the final stage.39 Assuming the grain boundary model is applicable to both the initial and the 
final stages, the characteristic times for sintering with respect to the length of the film, τf (l) are 
given by39 
€ 
τ f (l) =
1.70×10−3kT (l)r 4
bDhγ Ω            (2)
 
where k is the Boltzmann constant; T(l) is the temperature profile within the columnar TiO2 
structure with respect to the length of the film l, which is estimated from Eqn. (1); r is the radius 
of the particle; b is the boundary width of the grain; Db is the diffusion coefficient of the grain 
boundary; and Ω is the atomic volume. 
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Figure 3-3: The characteristic time for sintering and the temperature profile with respect to axial 
direction of the thickness of columnar TiO2 (Left). Graphic of deposition behaviors with respect 
to the characteristic time for sintering and the time between arrival of deposited particles (Right) 
 
Figure 3-3 shows the surface temperature changes caused by reduced heat transfer due to 
increased film thickness and the characteristic time for sintering of as-deposited particles. When 
the substrate temperature  was set at 500 °C and  (the temperature of the air around the 
precursor feeding tube) at 230 °C, the resulting temperature decrease calculated using Eqn. (1) 
was 10.2 °C for an 8 µm TiO2 column. If the heat radiation effect from the surface of the 
columnar TiO2 structure and the cooling effect due to precursor feeding were taken into account, 
the temperature decrease would be larger than 10.2 °C, though radiative transfer is not expected 
to be large. By coupling the temperature profile, the characteristic time for sintering can be 
estimated with respect to the film thickness. For sintering of monomer sized TiO2 particles, τf (l = 
0) and τf (l = 8 µm) were 0.279 s and 0.477 s. Comparing τf (l) and the time between arrivals of 
the deposited particle, tarv, the deposition behavior can be characterized as particle arrival limited 
and sintering limited growth. For the deposition conditions, tarv was estimated to be 0.458 s. In 
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the particle arrival limited region, where τf (l) is shorter than tarv, previously deposited particles 
are completely sintered into the columnar structure before the next particle arrives on the 
structure, resulting in well-sintered columnar structures with 1D orientation. Conversely, in the 
sintering limited region, where τf (l) is longer than tarv, due to partial sintering effects, this longer 
τf (l) causes surface roughness, which both enhances the surface reaction of the vapor precursor 
and attracts more particles due to larger van der Waal forces than other deposition sites. 
Depending on the sintering status, various morphologies, from branched structures to granular 
structures can be formed. These qualitative analyses of deposition mechanisms are helpful for 
understanding how to control film structures. Both TiO2 column length-induced and substrate 
thickness-induced sintering behaviors and their effects on film morphologies deposited by the 
ACVD process are now discussed. Experimental conditions for synthesizing TiO2 films by the 
ACVD process are summarized in Table 3-1.    
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Table 3-1: Summary of experimental parameters and results for as-deposited TiO2 films. The residence time for the vapor precursor, 
τres is 20 ms, and the temperature of the bubbler was 30 °C except for test 8 (20 °C) and test 10 (τres = 25 ms) 
Test Objective Deposition time [min] 
Temperature 
of substrate 
[°C] 
Precursor 
feed rate 
[µmol/min] 
Particle 
ratio [%] Substrate 
Crystal planes and  
Preferred orientations Morphology 
1 15 500 2.41 13 ITO A (112) Columnar 
2 30 500 2.41 13 ITO A (112) Columnar 
3 45 500 2.41 13 ITO A (112) Columnar 
4 60 500 2.41 13 ITO A (112) Columnar 
5 75 500 2.41 13 ITO A (112), A (101), & A (004) Branched-tree 
6 90 500 2.41 13 ITO A (112), A (101), & A (004) - 
7 
Effect of column 
length on resultant 
morphology & crystal 
orientation 
120 500 2.41 13 ITO A (112), A (101), & A (004) Branched-tree 
8* Role of precursor feed rate 120 500 1.12 13 ITO A (112), A (101), & A (004) Branched-tree 
9 Effect of substrate temperature 120 600 2.41 38 ITO 
A (112), A (101), A (004), &  
R (110) Branched-tree 
10** 
Role of substrate 
temperature and 
precursor feed rate 
60 450 4.95 8 ITO A (101) Branched- columnar 
11 60 500 2.41 13 FTO A (112) Columnar 
12 60 500 2.41 13 Glass A (101) & A (004) Irregular Rod 
13 60 525 2.41 17 Glass A (101) & A (004) - 
14 60 550 2.41 23 Glass A (101) & TiO2(B) Columnar 
15 
Role of substrate 
material and thickness 
60 600 2.41 38 Glass A (101) & TiO2(B) - 
* For test 8, the temperature of the bubbler was 20 °C. 
** For test 10, τres is 25 ms. 
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3. 4. 3 Nanostructured TiO2 column growth with increased film thickness  
TiO2 thin films were synthesized on ITO substrates under seven experimental conditions. 
The residence time τres of the vapor precursor in the ACVD reactor and the precursor feed rate 
were maintained at 20 ms and 2.41 µmol/min, respectively. The total deposition times were 
varied with each test as follows: 15, 30, 45, 60, 75, 90 and 120 min. (tests 1-7) τres of 20 ms 
allows the TTIP vapor precursor to partially decompose and form small TiO2 particles. TiO2 
columns are deposited in the mixed vapor-particle regime. As particles are deposited on the 
substrate with 1D orientation, the vapor precursor reacted on the surface of the existing structure.  
 
Figure 3-4: X-ray diffraction patterns of columnar TiO2 films on ITO substrates (tests 1-9). For 
tests 1-5, TiO2 films were prepared for different deposition times, 15 min (test 1), 30 min (test 2), 
45 min (test 3), 60 min (test 4), 75 min (test 5), 90 min (test 6), and 120 min (test 7) with 500 °C 
as the substrate temperature, 20 ms of τ res, and 2.83 µmol/min of the precursor feed rate. For 
tests 8 and 9, the lower precursor feed rate (1.31 µmol/min) was introduced (test 8) and the 
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higher substrate temperature (600 °C) was applied (test 9) to the ACVD system, while other 
deposition conditions were the same as test 7. 
 
Figure 3-4 shows the X-ray diffraction (XRD) patterns of the films prepared for tests 1-4. It was 
observed that because of the tendency to form the A(112) crystal plane, the relative peak 
representing the A(112) crystal plane became stronger as the total deposition time increased. A 
periodic bond chain (PBC) theory is applicable to explain this crystal plane preference during the 
synthesis process. TiO2 A(anatase) (112) is a high-surface-energy plane relative to A(001) and 
A(101).23, 40 Thus, the A(112) crystal plane is preferred during the deposition. This preferred 
orientation growth is also observed with other materials, if coarsening particles are small.41 As 
shown in Figures 3-5 (A), (B), and (C), the TiO2 columns were vertically grown with 1D 
orientation. However, for a deposition time of 75, 90, and 120 min (test 5-7), other anatase 
crystalplanes A(101) and A(004) were observed along with A(112). The XRD patterns for the 
films produced in tests 5-7 imply that the film growth no longer had a preferred A(112) growth 
orientation. As the TiO2 columns grew, it was observed that branches of TiO2 sprouted from the 
main TiO2 column structure. The structural difference between columnar and branched type TiO2 
structures were observed in Figures 3-5 (B) and (D). The reduced heat transfer within each single 
columnar structure resulted in partial sintering of as-deposited particles. Randomly oriented 
columns sprouted from the original structure of these deposited particles. Figures 3-5 (E) and (F) 
illustrate the growth mechanism for the branched type TiO2 structure.  
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Figure 3-5: Scanning electron microscope (SEM) images of tests 1, 4, and 5-9. (A) is the side 
view of columnar TiO2 structures on the ITO substrate for 15 min deposition (test 1). (B) and (C) 
represent the side view and 15° tilted view of the columnar TiO2 film for 60 min deposition (test 
4). (D) shows branched columnar TiO2 morphology for 75 min deposition (test 5). (E) and (F) 
respectively represent the initial state of the branched structure (test 5) and the fully developed 
branched structure (test 6). (G), (H), and (I) show side views of randomly branched columnar 
TiO2 morphology for 120 min deposition (test 7) and suppressed random grown structures by 
lowering the precursor feedrate (test 8) and by increasing the substrate temperature (test 9). 
 
To suppress branched growth, particles have to be completely sintered as soon as they 
deposit on the columns. According to the equation (2), both the temperature T(l) and the particle 
size r are two important parameters for controlling the sintering process. During film synthesis 
by the ACVD process, the effects of these two parameters on film morphologies were examined.  
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Particle growth in the ACVD system is limited by collisions between particles in the gas 
phase prior to deposition. Lower feed rates of the vapor precursor generate lower particle number 
concentrations in the system; thus collisions between the particles become less frequent resulting 
in smaller size particles. For test 8, the precursor feed rate was 1.12 µmol/min, lower than the 
feed rate of 2.41 µmol/min for previous tests 1-7, while other parameters such as the substrate 
temperature, the residence time of the vapor precursor, and the total deposition time were the 
same (as tests 1-7). Although the ratio of TiO2 particles to the vapor precursor for a residence 
time of 20 ms was 13%; the absolute number of particles decreased as the precursor feed rate 
decreased by 1.29 µmol/min. As evidenced in Figure 3-5 (H), the reduced number of particles 
suppressed branched growth. Due to the presence of fewer particles, the collision frequency 
between particles was reduced, which led to a lower probability for particle collisions and 
particle growth. Furthermore, since the particle deposition rate was reduced, there was a smaller 
chance that particles would be partially sintered.  
The effects of substrate temperature on the deposition mechanisms were explored. When 
the substrate temperature was increased to 600 °C (test 9), the sintering rate was 100 times faster 
than it was at 500 °C. The sintering time difference is very uniform over the entire structure. At 
the higher substrate temperature of 600 °C, the vapor precursor reacted to a greater extent, 
approximately 38% more than at 500 °C for the same residence time of 20 ms. The larger 
number of particles produced by the accelerated reaction of the vapor precursor increased the 
growth rate of the film. At the same time, the larger number of particles enhanced the collision 
rate between particles, leading to the formation of larger particles that required a longer sintering 
time. Figure 3-5 (I) shows two distinct morphologies associated with the higher substrate 
temperature of 600 °C. Note that the columnar structure with a thickness of 30 µm and the 
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branched structure existed at the same time. The higher substrate temperature not only enhanced 
the sintering rate of the particles but also provided more opportunities for the formation of larger 
particles, which led to thicker columnar and branched TiO2 structures, respectively. As shown in 
Figure 3-4, the XRD data shows a mixed anatase-rutile crystal phase, with an anatase fraction of 
0.78 for test 9.  
Because the TiO2 columns grew with an increased deposition time, the surface 
temperature on the TiO2 columns decreased due to reduced heat conduction within the columnar 
structure. Thus the film lost its preferred growth orientation, resulting in a randomly branched 
structure. To control the branched structure, two parameters: the temperature T(l) and the particle 
size r, both of which determine the sintering rate of the deposited particles, should be carefully 
controlled. 
 
3. 4. 4 Nanostructured TiO2 film growth on different substrates 
To understand the substrate-induced thermal conduction effects on film growth 
mechanisms, three different substrates were used: ITO-coated aluminumosilicate glass, FTO-
coated EAGLE-XG, and normal microscope glass slides. These substrates were of different 
thicknesses and coated with different conductive materials. First, to explore the substrate 
temperature effects directly, two TiO2 films were deposited on the ITO substrate, and their film 
morphologies were compared (tests 4 and 10). For test 10, the substrate temperature was 450 °C, 
which was lower than for test 4. However, the precursor feed rate and the residence time were 
increased to 4.95 µmol/min and 25 ms. These deposition conditions led to a lower sintering rate 
than that used for test 4. Figure 3-6 shows that the XRD results confirmed that the as-deposited 
sample lost its preferred crystalplane: A(101) was dominant rather than A(112) for test 10. 
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Figure 3-7 (A) indicates that the lowered sintering rates caused partially sintered particle deposits 
and resulted in branched-columnar structures on the substrate.  
 
Figure 3-6: X-ray diffraction patterns of columnar TiO2 films on different glass substrates. Tests 
4 and 10 were on an ITO coated glass, test 11 was on a FTO coated glass, and tests 12-15 were 
on normal glass. Deposition conditions for test 4, 11-12 were the same except for the substrate: 
deposition time of 60 min, substrate temperature of 500 °C, and τres of 20 ms 
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Figure 3-7: SEM images of as-deposited TiO2 films on the ITO substrate with lower substrate 
temperature, longer residence time (test 10) (A), on the FTO substrate (test 11) with same 
deposition (B), and on the normal glass slides (tests 12 and 14). For tests 11 and 12, deposition 
conditions were same as test 4. For test 14 (D), substrate temperature was higher than test 12 (C). 
 
TiO2 thin films were then synthesized on FTO substrates and on glass slides by ACVD 
under the same deposition conditions as test 4 respectively. From Figure 3-6, the XRD results of 
both tests 4 and 11 showed the same preferred orientation of A(112), while test 12 resulted in 
different preferred crystalplanes: A(101) and A(004). Film growth orientations were verified by 
SEM images. Figures 3-7 (B) and (C) show that while columnar morphologies were formed on 
FTO substrates, irregular rods were formed on the normal glass substrate. Under the same 
deposition conditions, TiO2 columns on the ITO and FTO substrates grew with the same 
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preferred A(112) crystalplane and the same growth orientation. The ITO and FTO substrates 
were of the same thickness (0.7 cm). Conductive oxides (ITO and FTO), which are coated on 
glass substrates, are relatively thin (~a few hundred nanometers). Their thermal conduction 
effects on the substrate temperature were negligible. The overall thermal conductivity of ITO and 
FTO substrates were mainly determined by the thickness of the glass. Thus, the same deposition 
mechanisms were applicable to both TCO substrates. However, in terms of the surface status and 
the thermal conduction of the substrate, the glass slide substrates were different from the ITO 
and FTO substrates. While the surface on the glass slide was amorphous, crystallized ITO and 
FTO layers were coated on the glasses for ITO and FTO substrates. Such amorphous surface 
might prefer different crystalplanes A(101) and A(004) rather than A(112). The glass slide 
substrate was 0.2 mm thicker than the ITO and FTO substrates, and heat conduction from the 
heating elements was reduced. The surface temperature on the normal glass substrate was thus 
lower than the temperatures on the other two TCO substrates. With the decreased surface 
temperature, a longer characteristic time for the sintering of as-deposited particles was required. 
The resulting film morphology for test 12 was an irregular rod-type shape. The morphological 
differences between two groups, TCO substrates and normal glass slides, were attributed to their 
different sintering rates. To synthesize well-sintered columnar structures, the substrate 
temperature was increased to 525, 550, and 600 °C for tests 13-15. As shown in Figure 3-7(D), 
final film morphologies were fairly vertically well-aligned columns on the glass slide with the 
increased substrate temperature. Unlike ITO substrates, when substrate temperatures exceed 550 
°C, a TiO2 (B) crystal phase was observed rather than a TiO2 rutile crystal phase. This crystal 
phase transition from anatase (A) to TiO2 (B) might be closely influenced by the surface as well 
as by the substrate temperature.     
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3. 4. 5 Dye-sensitized solar cell (DSSC) performance comparisons 
 
Figure 3-8: Schematic configurations of the dye-sensitized solar cells (DSSCs) with a columnar 
TiO2 anode (Left) and with a porous TiO2 anode (Right) 
 
Both as-deposited columnar TiO2 films formed by ACVD and porous films formed by 
spin-coating nanoparticle suspensions were used as electrodes for dye-sensitized solar cells 
(DSSCs). Figure 3-8 illustrates configurations of DSSCs with a TiO2 columnar film and with a 
TiO2 porous film. These cells were compared under equivalent conditions, with film thicknesses 
of 2 µm and 7 µm deposited on the ITO, respectively.  
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Table 3-2: Summary of dye-sensitized solar cell performance metrics using different TiO2 films. 
Thickness was measured from SEM images. 
TiO2 film description 
Morphology Thickness [µm] 
Short circuit 
photocurrent 
Jsc [mA / cm2] 
Open circuit 
voltage 
Voc [V] 
Fill factor 
ff [%] 
Overall 
efficiency 
η [%] 
Substrate 
Porous 2 5.63 0.65 47.2 1.75 ITO 
Columnar 2 4.59 0.70 55.1 1.77 ITO 
Porous 7 7.14 0.69 54.8 2.74 FTO 
Columnar 7 7.09 0.71 53.8 2.71 FTO 
 
 
Figure 3-9: Photocurrent-voltage characteristics of a dye-sensitized solar cell for (a) 2 µm-thick 
porous nanoparticulate film on ITO, (b) 2 µm-thick columnar film on ITO, (c) 7 µm-thick 
nanoparticulate film on FTO, and (d) 7 µm-thick columnar film on FTO. 
 
Performance results of tested DSSCs are summarized in Table 3-2, and Figure 3-9 shows 
photocurrent-voltage curves. Average peak power efficiencies of 1.8% and 2.7% were measured 
for cells made from 2 µm-thick and 7-µm thick ACVD films, respectively. Within the error of 
measurement, these efficiencies were the same as those of cells made from porous films 
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produced from sintered P25. These results were partially due to the lower occupational volume 
of TiO2 in the ACVD films than in the sintered nano-particle (P25) films. As shown in Figure 3-
8, a porous TiO2 film had a larger surface area where dye molecules could be anchored, a single 
crystal columnar TiO2 film. A visual observation of the films clearly showed that the ACVD 
films had fewer dye molecules per total unit area that the P25 films. Given this lower dye uptake 
per unit area of each operational solar cell, the efficiency per dye molecule was much higher in 
the ACVD films to give comparable overall cell efficiencies. These results suggested that the 
columnar TiO2 structures transferred generated electrons from the dye to the TCO more 
efficiently. Columnar structures were not optimized for maximizing dye absorption in this study. 
This would be done, for example, by using thinner columns with lower columnar spacing. This is 
the subject of another study. Optimized columnar structures may therefore be more cost effective 
in operating DSSCs. 
 
3. 5 Conclusions 
Different deposition patterns of TiO2 in the mixed vapor-particle regime were explored 
using various substrate temperatures, precursor feed rates, and substrate materials. TiO2 
nanostructured columns grew with a preferred, crystal-phase orientation A(112) at 500 °C with a 
τres of 20 ms up to 60 min of the total deposition time. The thermal conduction from the substrate 
decreased as the TiO2 columnar structures grew along the axial direction, resulting in slower 
sintering rates. These slower sintering rates caused the formation of branches from well-sintered 
TiO2 columns, rather than growth in the preferred orientation. To suppress the growth of such 
branches, the sintering rates of the as-deposited particles were enhanced by lowering the 
precursor feed rate and increasing the substrate temperature. With the lower precursor feed rate, 
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the growth of branched columns was inhibited. At an increased substrate temperature of 600 °C, 
thicker TiO2 columns formed with fewer branches due to the enhanced sintering rates. However, 
some branched structures still formed because the higher temperature of the substrate increased 
the decomposition rate of the precursor, which resulted in larger particles and slower sintering 
rates. Furthermore, the as-deposited TiO2 film had mixed anatase and rutile crystal phases. In 
addition, to investigate substrate thickness-induced heat conduction effects on film 
morphologies, nanostructured TiO2 columns were synthesized on different glass substrates. On 
ITO and FTO substrates, nanostructured TiO2 columns grew with 1D orientation, but on the 
normal glass substrate, which was 0.25 cm thicker than the ITO and FTO substrates, the film 
morphology exhibited an irregular rod-type shape. Increased substrate temperature was helpful to 
synthesize vertically aligned, well-sintered columnar structures on the glass slide. However, the 
crystal phase changed from anatase to TiO2(B), not to rutile, at temperature of 600 °C. The 
substrate temperature had a considerable effect on the morphologies of the final films, while the 
substrate surface seemed to prefer crystal planes. Dye-sensitized solar cells with TiO2 films made 
by ACVD gave efficiencies that were comparable to that of films produced by sintering nano-
particulate TiO2 in a more conventional manner. Increasing the film thickness while maintaining 
a columnar structure was likely to lead to increased efficiencies. ACVD films were not 
optimized for maximizing dye uptake in this study. The photocurrents generated per unit mass of 
dye were greater for the columnar film compared to the porous film. Larger columnar TiO2 
surface area to volume ratios would likely increase the overall efficiency. 
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4. 1 Abstract 
Two novel deposition methods were used to synthesize Pt-TiO2 composite 
photoelectrodes: a tilt-target room temperature sputtering method and aerosol-chemical vapor 
deposition (ACVD).  Pt nanoparticles (NPs) were sequentially deposited by the tilt-target room 
temperature sputtering method onto the as-synthesized nanostructured columnar TiO2 films by 
ACVD.  By varying the sputtering time of Pt deposition, the size of deposited Pt NPs on the TiO2 
film could be precisely controlled.  The as-synthesized composite photoelectrodes with different 
sizes of Pt NPs were characterized by various methods, such as SEM, EDS, TEM, XRD and UV-
vis.  The photocurrent measurements revealed that the modification of the TiO2 surface with Pt 
NPs improved the photoelectrochemical properties of electrodes. Performance of the Pt-TiO2 
composite photoelectrodes with sparsely deposited 1.15 nm Pt NPs was compared to the pristine 
TiO2 photoelectrode with higher saturated photocurrents (7.92 mA/cm2 to 9.49 mA/cm2), 
enhanced photoconversion efficiency (16.2 % to 21.2 %), and increased fill factor (0.66 to 0.70).  
For larger size Pt NPs of 3.45 nm, the composite photoelectrode produced a lower photocurrent 
and reduced conversion efficiency compared to the pristine TiO2 electrode.  However, the 
surface modification by Pt NPs helped the composite electrode maintain higher fill factor values. 
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4. 2 Introduction 
Carbon-neutral fuel sources are required in order to meet increasing energy demands 
inherent with a growing population and increasing economic development in a sustainable 
manner.1 Harnessing solar energy in an efficient and effective way may help to meet this 
requirement. In particular, converting solar energy into chemical fuels, e.g. splitting water into 
hydrogen (H2) and oxygen (O2) has been receiving increased attention due to the intermittent 
nature.2, 3 Since Fujishima and Honda first reported the photolysis of water using photocatalytic 
inorganic material, titanium dioxide (TiO2),4 the methodology has been improved in various 
ways including developing new materials and improving photoelectrochemical properties.5-9  
TiO2 has been used as a photoanode for splitting water, because of its high stability in air, 
and abundance on earth. However, due to its wide bandgap, TiO2 can only absorb photons in the 
ultraviolet (UV) range. The absorption range of TiO2 can be extended through the use of 
dopants5, 10, 11 or by altering its oxidation states.6 In addition to modifying the intrinsic atomic 
structure of TiO2, attaching light-harvesting antenna systems, for example semiconductors such 
as quantum dots12, natural bacteria13, 14 to the TiO2 film, will facilitate the absorption of photons 
in the visible light range.  
Besides improving the optical properties of TiO2, its photoelectrical property can also be 
improved. The lifetime of photogenerated electron-hole pairs is typically quite short. For 
example, in a 12 nm TiO2 particle, the lifetime of a single electron-hole pair is approximately 30 
ns.15 The thin film morphology is an important factor to increase the life time by reducing the 
opportunity for electron-hole pair recombination. In a one-dimensional structure (1D) with a 
high aspect ratio, a width that is less than the characteristic length of hole diffusion, reducing the 
electron-hole recombination rate, more photogerated minority carriers remain available to 
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oxidize water.16, 17 A novel technique, aerosol-chemical vapor deposition (ACVD) was recently 
developed to synthesize nanostructured metal oxide thin films.8 The system is a simple one-step 
process operating at atmospheric pressure. By changing the process parameters of ACVD, 
various film morphologies, such as planar, branched columnar, highly oriented 1D columnar, and 
granular structures can be readily synthesized on different types of substrates in a controlled 
manner.8, 18 It was shown that 1D columnar TiO2 films maintain superior photoelectrochemical 
properties to the other film morphologies.7, 8, 18, 19  
Along with the morphology of thin films, performance of photoelectrodes can be 
improved by enabling noble metal contacts on the surface of semiconducting materials. The 
noble metal contact on the semiconducting metal oxide can induce photogenerated electrons 
driven by energy state difference between conduction band of the semiconductor and the work 
function of noble metal, which leads effective separation between electron-hole pairs.20-28 These 
noble metals also have been found to act as gates for charge carrier transport, resulting in the 
effective separation of electron-hole pairs, enhancing the follow up photoreactions.29-31 
Furthermore, noble metals can increase the formation of electron-hole pairs supported by 
resonant surface plasmonic effects.32, 33 In the noble metal-semiconductor composite system, the 
size of noble metal particles and the distance between them determine the electronic behavior of 
charge carriers.  
Variety of methods to synthesize noble metal-semiconductor composite material have 
been demonstrated: electrochemical deposition,25, 26 anion adsorption followed by reduction 
method (thermally, chemically or photoinduced),20-22, 24, 27, 31, 34 dip coating,33, 35 electrophoretic 
deposition,23 and thermophoretic deposition.32 However these methods cannot adequately control 
important parameters such as size, and the distribution of noble metal particles on to the 
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semiconductor surface. Noble metals can be deposited in the gas phase. Atomic layer deposition 
(ALD) was used to deposit Pt onto TiO2.36 Despite precise control with ALD, due to fast 
nucleation of Pt atoms on crystallized TiO2, only Pt layer could be formed on anatase TiO2 
surface. This Pt layer on TiO2 surface acts as the ohmic contact.17 Sputtering process at a low 
pressure and low power also has been utilized to obtain metal nanoparticles. 37, 38 However, most 
of the work has been focused in placing the substrates directly in the main flux of sputtered metal 
atoms, which generates nanoparticle with larger diameter (> 2 nm) and lower particle density, 
due to fast diffusion and coalescence. 
In this study, a novel tilt-target configuration of RF (radio frequency) magnetron 
sputtering method39, 40 was used to deposit uniform nano-sized platinum (Pt) particles on to the 
1D columnar TiO2 films which were synthesized by ACVD. A combination of angular 
deposition flux and self-limiting growth process resulted in the uniform formation of metal 
nanoparticles (NPs), by placing the samples outside the main deposition regime where low 
energy atoms took part in NP formation. The size of Pt NPs on the TiO2 surface was precisely 
controlled by varying the sputtering deposition times with constant pressure and power intensity. 
The effect of different size Pt NPs on the photocurrent density was explored.    
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4. 3 Experimental section 
4. 3. 1 Nanostructured Pt-TiO2 photoelectrodes preparation 
 
Figure 4-1: Schematic illustration of sub-nanometer Pt particle deposition on the columnar TiO2 
film synthesized by ACVD. 
 
Figure 4-1 illustrates procedures for synthesis of nanostructred Pt-TiO2 photoelectrodes. 
First, the nanostructured columnar TiO2 films were synthesized by ACVD. The experimental 
details can be found in our earlier work.8 Tin-doped indium oxide (ITO) coated 
aluminumosilicate glass (Delta Technologies, Stillwater, MN) was placed in the heated reactor. 
The distance between the ITO substrate and the precursor feeder, which has 19 holes with 1mm 
of inner diameter (ID), was set at 2cm. The substrate temperature was set at 500°C, and 
monitored using a K type thermocouple (OMEGA Engineering Inc). Titanium tetraisopropoxide 
(TTIP, Sigma-Aldrich) was used as the precursor, which was loaded in a homemade bubbler at a 
constant temperature of 24°C. The TTIP feeder gas was nitrogen (N2) gas, which was fed 
through a dilution line. The gas flowrate for each line was controlled by mass flow controllers 
(MKS, Wilmington MA). N2 gas entered the bubbler at 0.47 lpm and into the dilution line at 0.43 
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lpm, corresponding to 1.53 µmol/min and 20 ms of residence time (τres) for the vapor precursor, 
TTIP. For all samples, the total deposition time of TiO2 was fixed at 50 min. Spacing between 
columns and diameter of each column play a crucial role in the Pt NPs growth. Hence all the 
TiO2 films were synthesized with the same deposition conditions by ACVD to emphasize the 
effects of Pt NP size on photoelectrochemical activity. 
 The as-synthesized nanostructured TiO2 films were used in a sputtering system with a 
tilting target capability (ATC 2000V, AJA International, Inc.). The details of the system for Pt 
NPs deposition have been published previously.39, 40 Pt nanoparticles were deposited using a tilt 
target sputtering configuration with a target angle of 23.8º, 6" target-substrate distance, 4 mTorr 
operating pressure, and fixed deposition power of 27 W with a varying deposition time. With this 
target angle, the sample was placed in the outer region of the deposition flux where low energy 
atoms take part in the nanoparticle formation, thereby forming ultra small particles with a 
uniform size distribution at a high density. 
 
4. 3. 2 Pt-TiO2 photoelectrodes characterization 
The morphology of the Pt-TiO2 thin films were examined using field-emission scanning 
electron microscopy (FE-SEM) (NOVA NanoSEM 230, FEI Company, Hillsboro, OR) operated 
at 15 kV. Gold sputtering of the samples was performed at a rate of 0.5 nm/s for 30 s before FE-
SEM analysis in order to obtain images with high resolution. Energy dispersive X-ray 
spectrometry (EDS) was also used along with the FE-SEM to analyze the elemental distribution 
inside the thin films. The crystal phase was determined by X-ray diffraction (XRD) (Geigerflex 
D-MAX/A, Rigaku Denki, Tokyo, Japan) using CuKα radiation (λ = 1.548 Å) at 30 kV and 30 
mA, with a scan step of 0.02° in 2θ and a scan speed of 4°/min. The crystal structure was also 
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analyzed by high-resolution transmission electron microscopy (HR-TEM) (JEM-2100F, JEOL, 
Tokyo, Japan). Prior to HR-TEM analysis, the Pt-TiO2 thin films were scraped from the substrate 
and suspended in ethanol. This was followed by several minutes of sonication before subsequent 
deposition onto a HR-TEM grid with a lacey support film. The ultraviolet-visible (UV-VIS) 
spectra analysis was also performed (Cary 100, Varian, Inc., Palo Alto, CA) at room 
temperature.  
 
4. 3. 3 Photoelectrochemical performance evaluation 
Photoelectrochemical performance evaluation of the Pt-TiO2 electrode was carried out in 
a three-electrode cell configuration with a platinum wire as a counter electrode and an Ag/AgCl 
as a reference electrode (Eref=0.197V). 1M of KOH (pH 14) was used as an electrolyte. A Xenon 
arc lamp (Oriel model 66021, Stratford, CT) illuminated the working electrode, the Pt-TiO2 
composite film. The light intensity below 400 nm of wavelength was 40 mW/cm2 (S1). The 
photocurrent was recorded by scanning the voltage with a potentiostat (BASi Inc. model CV-
50W, West Lafayette, IN). The selected voltage scan rate was chosen as 10 mV/s.  
 
4. 4 Results and discussion 
4. 4. 1 Characterization of the Pt-TiO2 photoelectrodes 
Different sizes of Pt NPs were deposited on the as-synthesized columnar TiO2 films, by 
varying the deposition time (0, 10, 20, 30, 45, 120, and 200s) with the same power intensity (27 
W). The deposition conditions for Pt NPs on to the nanostructured columnar TiO2 films are 
summarized in Table 4-1.  
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Table 4-1: Summary of experimental conditions for Pt deposition, resulting sizes of deposited Pt 
NPs onto columnar TiO2 films, characteristics of as-synthesized Pt-TiO2 composite 
photoelectrodes. 
Test Pt sputtering time [s] 
Mean diameter of 
Pt NP 
[nm] 
Std error 
 
Saturated 
current 
[mA/cm2] 
Fill factor Efficiency [%] 
1 0 - - 7.92 0.66 16.2 
2 10 - - 7.43 0.69 15.9 
3 20 1.15 0.005 9.49 0.70 21.2 
4 30 0.92 0.005 - - - 
5 45 1.34 0.010 8.29 0.68 17.7 
6 120 1.92 0.050 - - - 
7 200 3.46 0.072 6.31 0.70 13.8 
 
 
Figure 4-2: FE-SEM images for side view and top view (insect) of the plain columnar TiO2 film 
(Test 1).  
 
Figure 4-2 shows the FE-SEM side-view and top-view images of the plain columnar TiO2 
thin films synthesized by ACVD. Uniform columnar structures were clearly observed to have 
formed on the ITO substrate. For 50 minutes of deposition, the length of each TiO2 column 
synthesized by ACVD was approximately 1.5 µm. For all samples, the thickness of TiO2 films 
was fixed as 1.5 µm, since this thickness has been shown to be the optimal thickness for 
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photolysis of water in previous studies.7, 8 Due to the low resolution of the FE-SEM, it is difficult 
to observe Pt NPs, which are below 2 nm in size, on the surface of the TiO2 thin films.  
 
Figure 4-3: XRD patterns (a1) for Tests 3 to 6. Solid circles refer crystal peaks for the plain ITO 
substrate. PDF # 00-004-0802 for Pt and # 04-006-9240 for anatase TiO2. Elemental mappings 
(a2 and a3) of Pt-TiO2 composite photoelectrodes of 20s (Test 3) and 120s (Test 6) for Pt 
sputtering times. Red dots and green dots indicate Pt and Ti atoms respectively. 
 
Along with the FE-SEM image characterization, as shown in Figure 4-3(a1), no peaks for 
Pt metal crystals were observed in the XRD patterns of Pt-TiO2, and with different Pt NP 
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deposition times. The XRD patterns indicate that highly oriented TiO2 anatase (112) plane was 
obtained. Both the deposited amount and the size of Pt NPs on the TiO2 thin film surface was so 
low and small, that signals for Pt were too weak to be detected by XRD. In addition to the 
amount and size, the amorphous nature of the Pt NPs may be another reason for the absence of 
any crystalline peaks in XRD, which is particularly true for those deposited by sputtering for a 
short time. 
In order to get more specific information regarding Pt loading, EDS was employed in an 
auxiliary setting with FE-SEM. As shown in Figures 4-3(a2) and (a3), two Pt-TiO2 electrodes 
(tests 3 and 6) were analyzed. EDS confirmed that Pt was deposited onto the TiO2 surface by this 
tilt-target room temperature sputtering method. Titanium (Ti) and Pt signals can be clearly 
identified from the images for both samples, confirming the presence of Pt NPs in the samples. 
From EDS images, it was observed that the signal for Pt for the 120 s deposition was stronger 
than that for 20s, indicating larger Pt amounts in the sample. However, to understand effects of 
Pt NPs on the overall photolysis process, information on size and the distribution of deposited Pt 
NPs on the TiO2 is necessary. To obtain this information, TEM analysis of the samples with 
different Pt deposition times was conducted.  
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Figure 4-4: TEM images (left column: a1 to a3) and corresponding Pt NP size distribution of Pt-
TiO2 thin films with different Pt sputtering times (right column: b1 to b3). a1 and b1 for test 2 
(20s of Pt deposition), a2 and b2 for test 5 (45s of Pt deposition), and a3 and b3 for test 7 (200s 
of Pt deposition). Size changes of Pt NPs as a function of sputtering time (20s, 30s, 45s, 120s, 
and 200s). Error bars represent the standard error from Gaussian distribution (c). 
 
Figure 4-4 depicts the TEM images for Pt NPs deposited at different deposition times 
with their corresponding size distributions and their size growth rate on the TiO2 surface. As the 
deposition time is increased, the mean diameter increases and it is evident that the interparticle 
distance decreases. Compared to the longer time sputtering deposition, shorter sputtering times 
resulted in smaller Pt NPs to be deposited on the TiO2 surface. It is observed that the Pt NPs for a 
short sputtering time were not crystalline in nature. For 20s Pt deposition, sparsely deposited 
1.15 nm Pt NPs can be observed in Figure 4-4 (a1). During HRTEM analysis, the high energy 
electron beam on the sample can cause the amorphous Pt NPs to coalesce. A longer sputtering 
time resulted in crystalline Pt NPs. For example, for 200s, the particle size was approximately 
3.4 nm. As shown in Figure 4-4 (a3), HRTEM of the individual particles revealed a clear crystal 
lattice, with the lattice fringe distance of around 2.23 Å corresponding to the Pt (111) plane. The 
size increase of Pt NPs with increased sputtering times is shown in Figure 4-4 (c). When metal 
atoms come into contact with the surface of TiO2, they anchor to the defect sites available on the 
nanostructured TiO2 columns. Typically for NP formation, the defect sites (or nucleation sites) 
are the first to be occupied which is then followed by growth of particle size. Like Al2O3 and 
Pt,39 Pt metal atoms  are condensed on the TiO2 surface, and then spherical Pt NPs are formed on 
the surface by a Volmer-Weber growth mode in short deposition time.41 As the deposition time 
increased, more Pt atoms deposited onto the TiO2 surface, resulting in increased size of Pt NPs, 
whereas interparticle distance between Pt NPs on the TiO2 surface became narrower. The Pt NP 
growth was different when compared to formation on planar substrates as on Al2O3, 39 mainly 
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due to enhanced surface area and shadowing effects in TiO2 columns. These nanostructured 
columns are aligned axially towards the deposition flux, thus metal atoms arriving will have 
more regions to cover – on the tips and around the walls of these nanostructured columns. This 
axial orientation of the TiO2 columns with the deposition regime imposes a shadowing effect 
with the neighboring nanostructured columns during particle formation that affects the particle 
density on different regions of the nanostructured columns. It is observed that the Pt NPs were 
formed dominantly and uniformly distributed on the tip of these columns, as these regions 
encounter the arriving metal atoms more frequently. Moreover, particles form all along the 
nanostructured columns but with a higher density at the tip compared to the sides. 
 
Figure 4-5: UV-vis absorption spectra of pristine TiO2 electrode for Test 1 and Pt-TiO2 
photoelectrodes with different Pt sputtering times for Tests 3 to 6 (20s, 30s, 45s, and 120s 
respectively). 
 
The optical property of each photoelectrode was characterized by UV-vis spectroscopy. 
As shown in Figure 4-5, there is no significant light absorption shift from the pristine TiO2 film 
(test 1). This UV-vis absorption spectra result agrees with that reported by Subramanian et al.23 
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that Pt-TiO2 colloid did not show plasmon absorption under visible light irradiation. Thus, for the 
photoelectrochemical performance tests, UV light was only considered to activate the Pt-TiO2 
photoelectrodes.  
 
4. 4. 2 Photoelectrochemical performance of the Pt-TiO2 photoelectrodes  
Figure 4-6 shows the I-V characteristics (a) and the corresponding photoenergy 
conversion efficiencies (b) of the Pt-TiO2 photoelectrodes. The overall characteristics of Pt-TiO2 
electrodes are summarized in Table 4-1.   
 
Figure 4-6: Pt-TiO2 composite photoelectrodes (Tests 1 to 3, 5, and 7) performance 
characteristics. (a) photocurrent as a function of bias potential, and (b) corresponding 
photoenergy conversion efficiency. 
 
When an n-type photoanode is in contact with an electrolyte, conduction and valence bands of 
the photoanode bend. On illumination of the photoanode, electron-hole pairs are generated 
within the space charge layer. While photogenerated holes migrate to the surface of the 
photoanode to oxide the electrolyte, electrons transport toward the counter electrode, where the 
electrolyte is reduced.42 In this study, photogenerated electrons transferred from the TiO2 surface 
to Pt NPs, helping the electron-hole pairs to effectively separate and to react with electrolyte. 
The size and interparticle distance of Pt NPs are two key parameters determining overall 
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photoenergy conversion efficiency.21, 23 As Sadeghi et al.21 described, for the electron transfer 
from TiO2 to Pt NPs, the work function of Pt NPs should be lower than the conduction band of 
TiO2 (-4.4 eV in vacuum). For 10s of Pt deposition, the work function of Pt NPs probably was 
not well suited for electron transfer, because of its small size. Thus, its saturated photocurrent 
was similar to one of the plain TiO2 electrode. For 20s of Pt deposition, the saturated 
photocurrent increased from 7.92 mA/cm2 (plain TiO2 thin films) to 9.49 mA/cm2, reflecting 
more photogenerated holes reacted with water.43 Islands of 1nm Pt NPs on the TiO2 surface 
helped the electron-hole pairs to effectively separate and to react with water. The 1 nm Pt NPs 
through 20s deposition have several advantages for improved photocurrent. First, 1 nm Pt NPs 
seemed to have the correct energy state to promote electron transfer. Second, electrons could be 
effectively trapped in 1nm Pt NPs.39, 40 Yun et al.39 measured the number of electrons stored per 
Pt NPs, and reported that 1nm Pt NPs stored one electron per particle due to strong Columb 
blockade effects. Reduced Pt NPs with stored electrons reacts with oxygen (O2) forming 
superoxide radical (O2•-). However, if the size of Pt NPs is large, reduced Pt NPs are oxidized 
with holes.21 This effective electron storage in Pt NPs led to both the enhanced separation and 
the reduced recombination rate of electon-hole pairs. Third, Pt NPs were uniformly distributed 
with an effective interparticle distance. As shown in Figure 4-4 (a1), Pt NPs were sparsely 
deposited on the TiO2 surface, reflecting that the interparticle distance for 20s deposition was 
relatively larger than longer time deposited samples. Sadeghi et al.21 measured charge separation 
distance (CCSD) of Pt-TiO2 composite particles. If lower number density of Pt clusters covers 
the surface of the TiO2 particle, photogenerated electrons and holes can recombine with a lower 
probability than when high number density of Pt clusters are on the TiO2 surface.  
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As the Pt deposition time increased to more than 20s, the saturated photocurrents 
dropped. Furthermore, for a deposition time of 200s, a lower photocurrent was observed than the 
plain TiO2 photoelectrode. For larger Pt NPs, Coulomb blockade effect became week due to size 
dependence charge storage behavior. On an average, relatively less number of electrons was 
trapped in Pt NPs than in 1 nm Pt NPs. These larger reduced Pt NPs tend to be restored by 
combining with holes, rather than reacting with O2.21 Next, Longer Pt deposition resulted in 
more compact deposition of Pt NPs on the TiO2 surface. The reduced interparticle distance 
increased electron tunneling through Pt NPs,40 accelerating the recombination between electrons 
and holes.21 Also, Nakato and Tsubomura30 suggested that if Pt NPs were very closely located, 
they formed ohmic contacts on the TiO2 electrode. Greater number of electrons would then 
recombine with trapped holes through Ohmic contacts formed by a highly dense Pt 
nanoparticles.17 In addition, a higher coverage of the TiO2 with Pt NPs resulted in less surface 
area for holes to oxidize the electrolyte. Thus, as sputtering time increased, these enhanced 
recombinations of electrons and holes inhibited the oxidation of water, leading to a decreased 
photocurrent.  
The photoenergy conversion efficiency, 
€ 
η  was calculated by the following equation.44  
€ 
η =
jp (Erev0 − Eapp )
I0
×100 [%]     (1) 
where jp is the measured photocurrent density (mW/cm2), E0rev is the standard reduction potential 
of water (1.23 V), Eapp is the applied potential (V), and I0 is the incident light intensity less than 
400 nm of wavelength (40 mW/cm2). By forming junctions with the TiO2 surface, the 1nm Pt 
nanoparticles increased conversion efficiency to 21.2%, 5% higher conversion efficiency than 
the plain TiO2 photoelectrode. This enhanced photoenergy conversion efficiency was probably 
attributed by the effective photoinduced charge separation. However, after 20s of Pt deposition, 
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overall photoenergy conversion efficiency decreased. This trend of energy conversion efficiency 
can be well supported by the behavior of photo induced electrons, which discussed above.  
While photocurrents showed variance with different sizes of Pt NPs, all Pt-TiO2 composite 
electrodes showed improved fill factors (FF) than the plain TiO2 electrode. It was reported that Pt 
NPs lower the series resistance, resulting in higher FF.31 This reduced series resistance could also 
be the reason for Pt-TiO2 composite electrodes generating higher photocurrent than the plain 
TiO2 electrode. Furthermore, compared to the plain TiO2 electrodes, the bias potential required 
for the maximized photoenergy conversion efficiency had shifted slightly to the cathodic 
direction. This shift supports that the Pt-TiO2 surface was modified by the Pt NPs that also 
altered the photovoltage of the Pt-TiO2 composite electrodes.    
 
4. 5 Conclusions 
 Pt-TiO2 composite photoelectrodes were sequentially synthesized by ACVD and a tilt-
target room temperature sputtering method. By varying the sputtering time, the size of deposited 
Pt NPs onto the nanostructured columnar TiO2 thin film could be precisely controlled with very 
small variation in size. Compared to the pristine TiO2 photoelectrode, Pt-TiO2 composite 
photoelectrodes with deposition of 1.15 nm Pt NPs increased the photocurrent as well as 
improved the photoenergy conversion efficiency. The enhanced charge separation on the 
junction between the TiO2 surface and the Pt NPs led to the improved oxidation of water. 
However, for a deposition time longer than 20 s, more TiO2 surface was covered with Pt NPs, 
larger than 1.15 nm. These metal contacts led to decreased photocurrents as well as lower 
photoenergy conversion efficiency. Besides photocurrents, fill factors and photovoltage were 
influenced by the TiO2 surface modification by Pt NPs. With Pt NPs, Pt-TiO2 composite 
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electrodes maintained higher fill factors and a lower required bias voltage for maximum 
photoenergy conversion efficiency than the plain nanostructured TiO2 electrode. 
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4. 8 Supplementary Information 
 
Figure S4-1: Irradiance spectra of a Xenon arc lamp at 450 W of power supply. 
 
The irradiance spectra of a Xenon arc lamp operating at 450 W power input (Figure 4-S1) 
was obtained using a spectroradiometer (ILT 900-R, International Light, Peabody, MA). The 
integrated light intensity over the wavelength range from 250 nm to 400 nm was approximately 
40 mW/cm2. 
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5. 1 Abstract 
A facile development of highly efficient Pt-TiO2 nanostructured films via versatile gas 
phase deposition methods is described.  The films have a unique one-dimensional (1D) structure 
of TiO2 single crystals coated with ultrafine Pt nanoparticles (NPs, 0.5-2 nm) and exhibit 
extremely high CO2 photoreduction efficiency with selective formation of methane (the 
maximum CH4 yield of 1361 µmol/g-cat/hr). The fast electron transfer rate in TiO2 single 
crystals and the efficient electron-hole separation by the Pt NPs were the main reasons 
attributable for the enhancement, where the size of the Pt NPs and the unique 1D structure of 
TiO2 single crystals played an important role. 
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5. 2 Introduction 
Increasing anthropological emissions of greenhouse gases, in particular carbon dioxide 
(CO2) into the atmosphere is widely recognized to be one of the primary causes of global climate 
change. In addition to carbon capture and sequestration (CCS) technology,1 a desirable strategy 
is to convert CO2  by reduction to a fuel or other useful chemicals. To this end, we face an 
energy intensive challenge in its reduction since CO2 is very stable.2-4 Developing an efficient 
photocatalyst appears to be a promising methodology to meet this challenge, and this has been a 
prominent quest to convert CO2 into hydrocarbon fuels.2-5 Various photocatalysts have been 
developed including semiconductors, such as TiO2, ZnO, CdS and ALa4Ti4O15 (A=Ca, Sr, and 
Ba), and organic compounds, e.g. rhenium complexes.5 The photocatalysis process can be 
sustainable by harnessing solar energy, making it economically feasible and environmentally 
benign. In spite of abovementioned advantages, CO2 photoreduction, however, still suffers from 
very low conversion efficiencies, resulting from the fast electron-hole recombination rate in the 
photocatalysts; a major barrier that needs to be overcome. 
Several strategies have been proposed to solve this problem, such as use of mesoporous 
structures and metal doping.2,3 The synergistic effect of both strategies has also been 
investigated.6,7 Among them, surface platinization has been a popular technique since its first 
introduction by Kraeutler and Bard.8 The platinum (Pt) nanoparticles (NPs) are believed to retard 
electron-hole recombination by serving as electron sinks and to facilitate interfacial electron 
transfer.9,10 These Pt NPs were primarily prepared by wet chemical methods, in which the 
particle size and size distribution were not easily controlled.11 In addition to trapping electrons, 
large Pt NPs may also consume holes, thus serving as recombination centers.12 Contamination is 
another drawback since the Pt NPs prepared by liquid methods are easily oxidized owing to 
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chemical residues on surfaces, resulting in deteriorated performance.13 Moreover, the catalysts 
developed thus far are mostly powders, in which the grain boundary effect cannot be avoided.9 
Hence the reported highest yield of carbon monoxide (CO), a major product of CO2 
photoreduction has been limited to less than 200 µmol/g-cat/hr.2,14 
Here we report a facile development of highly efficient platinized titanium dioxide (Pt-
TiO2) nanostructured films via versatile gas phase deposition methods.15,16 The TiO2 films were 
deposited using an aerosol chemical vapor deposition (ACVD) route,15,17 which is a continuous 
and low energy method designed to deposit metal oxide films with controlled morphologies. The 
columnar TiO2 films were selected in this work for Pt deposition owing to their high surface 
area, single crystallinity and superior electron transfer performance originating from highly 
oriented one-dimensional (1D) structure.15,17 Platinum NPs were deposited onto the TiO2 single 
crystals using a unique tilted-target sputtering (TTS) method.16 The TTS configuration allows 
one to control the flux of sputtered metal atoms and their radial distribution. The low energy of 
the arriving metal atoms outside the focal area of deposition reduces the surface Brownian 
motion on the substrate and slows down the coalescence, which helps formation of ultrafine Pt 
NPs with narrow size distribution. 
 
5. 3 Experimental section 
5. 3. 1 Thin film deposition by ACVD 
The experimental conditions for the ACVD system to deposit TiO2 thin films with 
different morphologies have been explained previously15,17 and are briefly described here (see 
Supporting Information 5.8.1 for more details). Titanium tetraisopropoxide (TTIP, 97%, Sigma-
Aldrich) was used as a precursor and loaded in a homemade bubbler at a constant temperature of 
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297 K. The deposition substrate was indium tin oxide (ITO)-coated aluminumosilicate glass 
(Delta Technologies) which was maintained at 773 K for all samples. The flowrate of carrier gas, 
nitrogen (N2) entering the bubbler was controlled at 0.47 liter per minute (lpm), which was 
equivalent to 1.53 µmol/min of TTIP fed into the reactor. The total flowrate including dilution 
flow was 0.9 lpm, which corresponded to 20 ms of the residence time of TTIP. For all samples, 
the total deposition time of TiO2 was fixed at 50 min. The mass of each thin film sample was 
theoretically estimated to be around 0.7 mg, which was confirmed by measurement. 
 
5. 3. 2 Surface platinization by TTS  
The as-prepared TiO2 thin films were transferred to an ATC 2000V sputtering system 
(AJA International, Inc.). Platinum NPs were deposited using a TTS configuration with a target 
angle of 23.8°, 6" target-substrate distance, 4 mTorr operating pressure, and a fixed deposition 
power of 30 W with a varying deposition time. The TiO2 thin film samples were placed in the 
outer region of the deposition flux zone where low energy atoms took part in nanoparticle 
formation, thereby forming uniform ultrafine particles. The direct deposition method produces Pt 
NPs with diameters ranging from 0.5 to 2 nm for deposition times of 5 to 60 s (see Supporting 
Information 5.8.1). The average particle size and particle number density were measured from 
the corresponding TEM images and summarized in Table 5-1. 
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Table 5-1: Characterization of Pt-TiO2 thin films 
samples 
average Pt 
particle 
sizea 
(nm) 
Pt number 
densitya 
(×1012/cm2)a 
Pt atomic 
percentageb 
(%) 
Pt oxidation 
states 
(before/after)b  
(-) 
O/Ti atomic 
ratiob 
(-) 
CH4 yield 
(µmol/g-
cat/hr)c 
Pt_5s < 0.5 < 2 NA NA NA 292 
Pt_10s 0.6 4.81 0.21 Pt0/Pt0,PtII 2.31/2.60 415 
Pt_15s 0.8  5.02 NA NA NA 557 
Pt_20s 1.0  5.20 0.94 Pt0/Pt0 2.29/2.50 1361 
Pt_25s 1.2  4.97 NA NA NA 746 
Pt_30s 1.3  5.35 1.34 Pt0/Pt0 2.30/2.51 631 
Pt_45s 1.6  4.92 NA NA NA 424 
Pt_60s 1.9  5.12 2.49 Pt0/Pt0 2.35/2.47 63 
aMeasured from TEM images (see Figures S5-8 and S5-9, Supporting Information for example). 
bAnalyzed by XPS (see Figure S5-7, Supporting Information for details). cObtained from 
photoreduction analysis. 
 
5. 3. 3 Thin film characterization 
The morphology of the thin films were examined using field emission scanning electron 
microscopy (FE-SEM) (NOVA NanoSEM 230, FEI Co.) operated at 15 kV. Average film height 
and column (single crystal) diameter were estimated from the FE-SEM images. The morphology 
of the films was also evaluated by atomic force microscopy (AFM) (Dimension 3100 Nanoman, 
Veeco Instruments, Inc.). Elemental mapping of the films were characterized by energy-
dispersive X-ray spectroscopy (EDX). The inner structure of the films was analyzed by 
transmission electron microscopy (TEM) (JEM-2100F, JEOL). The crystal phase was 
determined by X-ray diffraction (XRD) (Geigerflex D-MAX/A, Rigaku Denki) using CuKα 
radiation (λ = 1.548 Å). The optical properties of the thin films were measured by ultraviolet-
visible (UV-VIS) absorption spectroscopy (Cary 100, Varian Inc.) at room temperature. The Pt 
! 93 
oxidation states before and after photoreduction were analyzed by X-ray photoelectron 
spectroscopy (XPS) (AXIS 165, Kratos Analytical) with monochromated aluminum as an anode 
operated at 150 W. 
 
5. 3. 4 Femtosecond time-resolved transient absorption (TA) spectroscopy measurements  
The measurements were carried out using a femtosecond TA spectrometer (Helios, 
Ultrafast Systems) coupled to a femtosecond laser system consisting Solstice (Spectra-Physics) 
built of a Ti:sapphire regenerative amplifier (Spitfire Pro XP), a pulse stretcher and compressor, 
a femtosecond oscillator (Mai-Tai) as seeding source and a diode-pumped solid state pulsed 
green laser (Empower) as the pump source. The system produced pulses centered at 800 nm with 
energy of ~3.5 mJ, ~90 fs duration and 1 kHz repetition rate. Ninety percent of the output beam 
was used to generate pump beam in an optical parametric amplifier (Topas-C with Berek 
extension) (Light Conversion Ltd). The remaining 10% was used to produce probe pulses in the 
Helios spectrometer. A near infrared continuum probe was generated by a proprietary crystalloid 
plate. A 256 pixel InGaAs linear diode array was used as a detector. To provide an isotropic 
excitation of the sample and avoid pump-probe polarization effects the pump beam was 
depolarized using depolarizer. The samples were excited at 365 nm with pump beam energy kept 
at low energies between 1 and 3 µJ. The excitation beam was focused to a spot size of 1 mm 
diameter corresponding to photon intensity of 2.34 - 7.04 × 1014 photons/cm2. Detailed data 
analysis can be found in Supporting Information 5.8.11. 
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5. 3. 5 Photoreduction analysis  
The photoreduction analysis system is described in a previous paper.7 Compressed CO2 
was used as the carbon source. It passed through a water bubbler to generate a mixture of CO2 
and water vapor. The gaseous mixture was then fed into a continuous flow reactor where the 
films were loaded. The reactor is cylindrical in shape with a quartz window vertically facing the 
light source, which is a Xe lamp operated at 400 W with an accumulated intensity of 19.6 
mW/cm2 in the effective UV range (250-388 nm) (see Supporting Information 5.8.4). Before 
each test, the reactor loaded with samples was first purged with CO2 and water vapor at 100 
ml/min for 1 hr and then the flow rate was reduced and maintained at 3 ml/min during the whole 
analysis process. The concentrations of effluent gases as a function of irradiation time were 
recorded automatically by gas chromatography (GC) through an automated gas valve, using 
helium as the carrier gas. The GC was equipped with a PLOT capillary column (Supelco 
Carboxen-1010) and a thermal conductivity detector. 
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5. 4 Results and discussion 
 
Figure 5-1: Characterization of a representative columnar TiO2 thin film loaded with Pt NPs for 
a deposition time of 20 s at 30 W. (a) FE-SEM image of the thin film, where the white rectangle 
indicates the location of TEM image. (b) AFM image (3D view). (c) Composed elemental 
mapping image, where green denotes Ti and red indicates Pt. (d) TEM images, where the square 
indicates the location of HR-TEM image. (e) XRD patterns, where the stars designate the 
background of the ITO substrate, and (f) UV-VIS absorption spectra of pristine TiO2 and Pt-TiO2 
samples with different Pt deposition times. 
 
A representative Pt-TiO2 thin film was characterized by FE-SEM, AFM, elemental 
mapping, TEM, XRD and UV-VIS (Figure 5-1). As shown in Fig. 5-1a, the Pt-TiO2 film has a 
highly oriented 1D structure with a typical column diameter of 250 nm, which significantly 
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increases the effective surface area compared to a planar film, providing more active sites for 
photocatalytic reactions (see Supporting Information 5.8.2 for an estimation of surface area of 
the columnar films). The highly oriented morphology of the film was also confirmed by AFM 
(Fig. 5-1b), where the height was estimated to be around 1.5 µm. Corresponding elemental 
mapping (Fig. 5-1c) and TEM analysis (Fig. 5-1d) confirm the presence of Pt NPs on the surface 
of TiO2 single crystals. The high resolution (HR)-TEM analysis reveals that the single crystals 
have an orientation of anatase (112) plane and surface defects are also observed (Fig. 5-1d inset). 
These defects or dislocations are the reason for oriented attachment of particles/molecules to 
form (112) orientation18 and the active sites for Pt deposition.16 The high surface energy of the 
(112) plane is preferred since it can enhance the electron mobility and hence improve 
photocatalytic activity.18,19 As seen in Fig. 5-1d, the Pt NPs are partially crystallized and have an 
average diameter of 1 nm. It should be noted that these are extremely small Pt NPs achievable 
only by gas phase deposition using our unique sputtering method. The 1D structure of the TiO2 
single crystals was also analyzed by XRD (Fig. 5-1e), where a prominent (112) peak was 
observed. The corresponding Lotgering’s factor20 was calculated to be 0.52, indicating high 
orientation of the (112) plane. The optical properties of the films (Fig. 5-1f) are not influenced by 
Pt coating since the difference of absorbance between pristine TiO2 and Pt-TiO2 films in 200-300 
nm (absorption region of Pt NPs) is not significant (see Supporting Information 5.8.3 for details). 
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Figure 5-2: Photoreduction analysis of Pt-TiO2 thin films. (a) Representative CH4 and CO yields 
on a Pt-TiO2 thin film (Pt deposition time of 20 s) as a function of irradiation time (solid circles 
and squares, respectively). Solid triangles indicate control experiments with illumination but 
without CO2 and solid stars represent control experiments with flowing CO2 but without 
illumination. The volumetric ratio of O2/N2 was also recorded (solid diamonds). (b) CO and CH4 
yields of commercially available TiO2 powders (P25), pristine TiO2 columnar films (TiO2 film), 
and Pt-TiO2 films with different Pt deposition times 
 
The Pt-TiO2 thin films were then subjected to CO2 photoreduction analysis. 
Representative CO and methane (CH4) yields of the film versus irradiation time were plotted 
(Figure 5-2a). The film demonstrated high selectivity to CH4 formation. The CH4 yield increased 
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with irradiation time and reached a peak value of 1361 µmol/g-cat/hr at 5 hr. The quantum yield 
at this condition was calculated to be 2.41% (see Supporting Information 5.8.4 for calculation). 
To the best of our knowledge, this value is the highest CH4 yield ever reported in the literature of 
photoreduction of CO2.2-5,14,21 Hydrogen (H2) could not be detected indicating that the amount 
evolved in this work was not significant, and probably all reacted. It is also worth noting that the 
actual overall quantum yield of CO2 photoreduction of the Pt-TiO2 thin films could be even 
higher since only products with low molecular weights (MWs), such as CO and CH4 signals 
could be detected by the GC column that was used in this study. Signals of some other potential 
products with larger MWs, such as HCO2H, CH2O and CH3OH may be neglected as they are not 
probable to be formed (see Supporting Information 5.8.9). After 5 hrs of irradiation, CH4 
production rates started to drop slightly which can be attributed to deterioration of photocatalytic 
activity due to diminishment of the adsorption power of the catalyst9 and the saturation of 
adsorption sites on the TiO2 surface with intermediate products.6,22 Carbon monoxide formation 
was also observed but with a lower yield and it ceased after 2.5 hrs of irradiation due to the 
selective formation of CH4 based on a six-electron reaction (see Supporting Information SE6).21 
It should also be noted the synthesis methodology of the nanostructures allow the rapid 
desorption of products, a desirable feature in such systems.23 
To better understand the mechanistic pathway of CH4 formation, two control experiments 
were performed (Fig. 5-2a). These are especially important to rule out possibilities of 
contamination from other carbon sources, for example, from incomplete oxidation of TTIP 
during fabrication of the TiO2 films or oil contamination from vacuum pumps during Pt 
decoration. First, the films were illuminated without introducing CO2 as the carbon source where 
N2 was used as the carrier gas. If there was any reactive residual carbon it would react with 
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protons (H+) or H2 generated based on competitive water splitting and form CH4. Neither CH4 
nor other carbon compounds were observed indicating that there was no residual carbon or other 
carbon contamination in the system. Another experiment was done by introducing CO2 but 
without irradiation. Neither CH4 nor CO was formed implying that TiO2 is the only active 
catalyst. Volumetric ratio of O2/N2, which is another important indicator for proton generation, as 
a function of irradiation time also shows a very similar tendency as that of CH4 formation (see 
Fig. 5-2a). The highest O2/N2 ratio was above 0.40 (higher than that of air, viz. 0.26), implying 
adequate supply of protons (see Supporting Information SE3). 
Since the Pt NPs trap electrons very effectively, the effect of Pt deposition was 
investigated in detail. Figure 5-2b illustrates the CO and CH4 yields of Pt-TiO2 films with 
different Pt deposition times. The comparison between the Pt-TiO2 films with commercial TiO2 
powders (Degussa P25) and pristine TiO2 films has also been made. Both pristine and Pt-TiO2 
films out-perform P25 powders. Pt-TiO2 films demonstrated even superior performance, where 
the CH4 yields in most cases were well above 400 µmol/g-cat/hr. The yield showed a sharp rise 
with a peak at a Pt deposition of 20 s. The relatively low CH4 yield of the films with low Pt 
depositions is due to insufficient sites present to trap electrons. The XPS analysis also indicated 
that the Pt NPs under these conditions were partially oxidized to form PtII (see Table 5-1 and 
Supporting Information 5.8.5), serving as recombination centers.13 Beyond the optimal condition 
(> 20 s deposition time), the Pt-TiO2 films also demonstrated lower CH4 yields. It is commonly 
known that with increasing Pt depositions the active surface sites of TiO2 were blocked and 
hence resulted in lower performance. By careful TEM examination on the Pt-TiO2 films, we 
found that it should not be the only reason since even for Pt deposition for 60 s, there are still 
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plenty of surface sites on TiO2 films (see Supporting Information 5.8.6). Detailed photoreduction 
results are also summarized in Table 5-1. 
 
Figure 5-3: Schematic diagram of CO2 photoreduction mechanism by using Pt-TiO2 
nanostructured films. The magnified circle (center) shows that the photogenerated electrons can 
move fast inside the highly oriented TiO2 single crystals and flow to the Pt deposits, where the 
redox reaction occurs to convert CO2 into CO and CH4. The right side of the figure illustrates the 
energy levels of the Pt-TiO2-CO2 system. CB and VB are abbreviations of conduction band and 
valence band, respectively. H+ and h+ indicate proton and hole, respectively. 
 
To elucidate the understanding of this trend, the particle size analysis was performed 
based on the TEM observations. The results show that the Pt size increased with deposition time, 
from < 0.5 nm at 5 s to about 1.87 nm at 60 s of deposition times (see Table 5-1 and Supporting 
Information S5.8.7). At very short deposition times, Pt NPs are extremely small and possibly 
have higher energy band separation due to quantum confinement, preventing electron transfer 
from the TiO2 conduction band (CB) to Pt.12 But electrons can transfer freely to Pt NPs with an 
energy level lower than -4.4 eV (the lower energy level of the TiO2 CB). As Pt NPs become 
larger, their properties may be approaching that of bulk Pt, capturing both photoelectrons and 
holes and acting as recombination centers.12,24 Therefore, the optimal size of Pt NPs is that with 
energy bands positioned between -4.4 and -5.65 eV (work function of bulk Pt, see Figure 5-3 and 
Supporting Information 5.8.8 for details). It should be noted that the particle number densities of 
the Pt NPs were kept constant (around 5 × 1012 #/cm2) at various deposition times in this work 
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(see Table 5-1), with least contribution to the decrease of charge carrier separation distance 
(CCSD), which is the reason for the increase of electron-hole recombination rates.24 Thus it can 
be concluded that the Pt particle size plays an important role in the CO2 photoreduction process. 
In this work, the optimal size was found to be around 1 nm, which is not readily achieved and 
controlled using liquid phase and other synthesis methods. Our methodology of angular RF 
sputtering method is promising and powerful. Although not exactly the same, gold NPs showed a 
similar size effect on the Fermi level equilibration of semiconductors, where smaller gold NPs 
can shift the Fermi level of TiO2 to more negative potentials, resulting in enhanced 
photocatalytic performance.25 
The CO2 photoreduction mechanism of the Pt-TiO2 nanostructured films is schematically 
shown in Figure 5-3. The extremely high photoreduction efficiency of the films is believed due 
to the synergistic effects of high surface area and minimized charge barriers by oriented single 
phase crystallinity of the film, and efficient electron-hole separation by the Pt NPs as discussed 
above. Similar enhancement of CO2 photoreduction efficiency was also achieved by Pt-TiO2 
nanotube arrays, where the Pt NPs were deposited on the TiO2 nanotubes by using a rapid 
microwave-assisted solvothermal approach.26 
The mechanism of CO2 photoreduction is actually complex. Most researchers agree that 
this process is based on proton-assisted multi-electron transfer (MET) instead of single electron 
transfer as the electrochemical potential of -2.14 V vs SCE for a single electron process is highly 
unfavorable.27 Depending on the number of electrons and protons, the formation products can be 
different. Carbon monoxide is formed by reacting with two protons and two electrons, while CH4 
formation needs eight electrons and eight protons (see Supporting Information 5.8.9 for details).  
The selective formation of CH4 rather than CO is owing to the compromise between charge 
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transfer and thermodynamics. The formation of CH4 (Eredox/SCE = -0.48V) is thermodynamically 
more feasible than the formation of CO (Eredox/SCE = - 0.77V) if the supply of protons and 
electrons is high enough.27 Carbon monoxide was mainly obtained in many previous studies 
possibly due to the paucity of electrons. In this work, more electrons and protons were available. 
These electrons first reside on the Pt NPs and are then transferred rapidly from Pt to the absorbed 
CO2 vapor for photoreduction (see Figure 5-3).28 Our previous research revealed a similar 
phenomenon that Cu-doping could enhance the selectivity of CH4 formation as Cu species acting 
as electron traps resulted in an increased probability of multi-electron reactions.6 Methane can 
also be formed by the depletion of CO following the six-electron reaction (Supporting 
Information SE6) as seen in Fig. 5-2b,21 which also supports the selective formation of CH4. 
Thermal effects are negligible in this work. The depletion of CO followed by oxidation with 
oxygen over the Pt surface is negligible in this work (see Supporting Information 5.8.9), since 
the system was operated at atmospheric pressure and room temperature (Supporting Information 
5.8.10). Under this condition, the chemisorption of both CO and O2 on Pt surface is very weak 
and the reaction rate is generally very slow.29 
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Figure 5-4: Time-resolved transient absorption (TA) spectroscopy measurement results of TiO2 
and Pt-TiO2 thin films (Pt deposition time of 45 s). The electron-hole pair recombination rate 
constant obtained from fitting of several TA kinetics of TiO2 and Pt-TiO2 films was recorded at 
900 nm and plotted as a function of electron-hole pair concentration (expressed in ΔA). The lines 
represent linear fits. Solid line with open circles indicates TiO2 and dashed line with open 
triangles is for Pt-TiO2. Top-left inset, Representative TA kinetics of TiO2 and Pt-TiO2 films 
probed at 900 nm. Kinetics visibility was enhanced by expressing delay time in a logarithmic 
scale; Bottom-right inset, Representative TA spectra of TiO2 and Pt-TiO2 films taken in near 
infrared spectral range. The spectra were recorded 2 ps after excitation. 
 
To further understand the charge carrier transfer dynamics, femtosecond time-resolved 
TA spectroscopy measurements were performed for both TiO2 and Pt-TiO2 samples with special 
focus on sub-nano- and nano-second time range. Dependency of the electron-hole pair 
recombination rate constant (kobs) on the pair concentration for both TiO2 and Pt-TiO2 films is 
shown in Figure 5-4. In both cases charge recombination rates are dependent on the excitation 
intensity (electron-hole pair concentration) and the observed trends can be fitted by linear 
functions. It is apparent that the linear fitting of the Pt-TiO2 film has a gentler slope compared to 
its TiO2 counterpart, indicating that the charge recombination process is slower for Pt-TiO2. This 
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is the direct evidence of Pt-driven suppression of the charge recombination process30 in the Pt-
TiO2 sample, which is similar to that of Au-TiO2.25 Another evidence is that the linear fits 
converge to the same value of intrinsic electron-hole recombination rate constant (krec ~ 0.22×109 
s-1, or τrec ~ 4.5 ns, Supporting Information 5.8.11) if they are extrapolated to absorbance 
difference (ΔA) of zero. This is a hypothetical situation when charge recombination process is 
independent on electron-hole pair concentration and can be assumed as photogeneration of only 
one electron-hole pair per TiO2 particle. The probability that a single electron is scavenged by Pt 
NPs instead of trapping in TiO2 is very small and therefore no difference should be observed 
between both samples. 
 
5. 5 Conclusions 
In conclusion, we developed efficient Pt-TiO2 nanostructured films using versatile gas 
phase methods which can be produced at an industrial scale in an economically viable manner. 
The Pt-TiO2 films in this work have demonstrated the highest photoreduction efficiency with 
selective formation of CH4 reported to date, which is a high quality fuel. While direct production 
of methane is preferred over carbon monoxide, CO (though a more toxic species) production is 
also fine as it is a constituent of syn gas and is used in the chemical industry to catalytically 
produce large number of products. The high surface area and single crystallinity of the unique 
1D structure of the films and the efficient electron-hole separation by the Pt NPs were considered 
as the main reasons attributable for the enhancement. The low cost, scalable methodology 
illustrated for the design of functional photocatalysts with tailored morphologies can also be used 
for other reaction pathways, and the synthesis of other catalytic materials. 
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5. 8 Supporting information 
5. 8. 1 Supplementary methods 
a. Thin film deposition by aerosol chemical vapor deposition (ACVD)1,2  
The thin films of TiO2 were deposited by the ACVD method, which was designed to 
deposit metal oxide films with controlled morphologies including planar, columnar, granular and 
branched structures. Characteristic times such as residence time (τres), reaction time of the 
precursor (τrxn), sintering time (τsin), collision time (τcol), and particle arrival time (tarv) of the 
process were used to establish the relationship of the deposition regimes and film growth 
mechanisms to the resultant morphology of the film. Three different deposition regimes of vapor 
dominant, vapor-particle mixed, and particle dominant can be defined. Columnar structured films 
could be obtained in the vapor-particle mixed region where tarv is similar or faster than τsin, which 
has been detailed in our previous work (Fig. S5-1).1 
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Figure S5-1: Schematic diagram of ACVD with three different deposition and film growth 
pathways1 
 
A typical FE-SEM image of columnar structured films is shown below (Fig. S5-2a), 
where a typical column diameter was about 250 nm and the film thickness was 1.5 µm. The film 
thickness can be controlled by varying the deposition time. In this work, 1.5 µm was chosen 
based on the optimal condition recommended in our previous research.1,2 For comparison, the 
SEM image of Pt-TiO2 columnar structured films was also obtained (Fig. S5-2b). From the FE-
SEM images, the morphologies of both samples are almost identical. No Pt nanoparticles could 
be clearly identified from the image due to the low resolution of SEM as well as the extremely 
small size of Pt particles (~ 1 nm in this case). 
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Figure S5-2: FE-SEM images of pristine TiO2 (a) and Pt-TiO2 thin films with a Pt loading at 20 
sec and 30 W (b). 
 
b. Pt decoration by RF magnetron sputtering3-5 
In this work, tilt-target sputtering (TTS) configurations with rotating substrates capable of 
fine-tuning the incident angle have been developed for achieving good deposition uniformity in 
nanoparticle formation. The TTS system allows one to control the atom flux of sputtered atoms 
and their radial distribution to achieve uniform film formation on a substrate. The concept of 
spatial variation in the sputtering discharge over substrate led us to use the sputtered metal atoms 
outside the focal area of the deposition flux by changing the target angle. Figure S5-3 shows the 
graphical representation of the deposition flux when the focal area is moved away from the 
substrate. The low energy of the arriving metal atoms outside the focal area of deposition flux 
reduces the surface Brownian motion when deposited on a substrate and slows down the 
coalescence. These reduced surface phenomena helps formation of high density ultra-small Pt 
NPs with narrow size distribution. The region of the sputter discharge with low energy atoms for 
nanoparticle formation is used by changing the tilt angle of the target to 23.8° such that the main 
focal area of the deposition flux falls out of the substrate region. The deposition time and power 
were varied to get different size Pt NPs using this angle at room temperature. 
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Figure S5-3: Schematic diagram of the tilt-target sputtering configurations.  
 
5. 8. 2 Surface area estimation for columnar structured TiO2 thin films 
Rough estimation of the surface area of columnar structured TiO2 thin films was carried 
out. The schematic diagram of the estimation is shown in Fig. S5-4. 
 
Figure S5-4: Schematic diagram of surface area estimation for columnar structured film. 
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The following assumptions were made for the estimation. 
1. The deposited area is a circle having a diameter of r1; 
2. The thin film has a uniform distribution of columns, having an average radius of r2 and a 
height of h; 
3. The columns packed following hexagonal packing arrangement (
€ 
ρ =
π
12 ≈ 0.9069 );
6 a 
correction factor of 0.4 was applied to avoid overestimation, based on top-view AFM 
analysis of the film. 
4. The single column has the complex structure combined of a cone and a cylinder. 
 
Surface area of deposited region (A1, also equals to the surface area of dense film): 
€ 
A1 = π r12                                                             (1)  
where r1 = 0.75 cm. 
A1 = 1.77×10-4 m2 
Surface area of the cross section of a single column (A2): 
€ 
A2 = π r22                                                             (2) 
where r2 = 125 nm. 
A2 = 35.12 nm2 
Surface area of a single cone (A3): 
€ 
A3 = π r2(h −
3s
2 )                                                  (3) 
where h = 1.5 µm, and s = 250 nm. 
A3 = 1.32×104 nm2 
Numbers of the columns in the deposited area (N): 
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€ 
N = A1 × ρ ×0.4 /A2                                               (4) 
N = 1.83×1012 
Total surface area of columnar structured thin films (A4): 
€ 
A4 = A3 ×N                                                           (5) 
A4 = 2.4×1016 nm2 = 2.4×10-2 m2 
Ratio of columnar structured thin film to dense film (R): 
€ 
R= A4 /A1                                                            (6) 
R = 1.36×102 
 
5. 8. 3 UV-Vis absorption spectroscopy analysis 
 
 
Figure S5-5: Absorbance difference between TiO2 and Pt-TiO2 thin films with different Pt 
loadings in the region of 200 – 300 nm. The figure was plotted by subtracting TiO2 signals from 
the steady-state UV-VIS absorption spectra of Pt-TiO2 thin films. The absorption band position 
of Pt nanoparticles was theoretically calculated as 215 nm7 and has been experimentally 
determined in the range of 220 to 260 nm.8  
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From the above figure, no apparent band peaks of Pt NPs were observed possibly due to 
the small amount of Pt loadings, which also indicates that the surface plasmon resonance of the 
Pt NPs obtained in this study is not significant. 
 
5. 8. 4 Quantum yield calculation 
The photochemical quantum yield (also termed as quantum efficiency), 
€ 
φ , is another 
important parameter to characterize the photoreduction performance, which is defined as a 
measure of the molar fraction of incident photons that result in CO2 reduction products.9 
Quantum yields of CO and CH4 can be calculated using the following equations.10 Two and eight 
electrons are required to convert CO2 to CO and CH4, respectively, based on the later mentioned 
Eqs. S9_SE4 and SE5. 
€ 
φCO (%) =
2 mol of CO yield
moles of photon absorbed by catalyst ×100%               (7) 
€ 
φCH 4 (%) =
8 mol of CH4 yield
moles of photon absorbed by catalyst ×100%     (8) 
The following constants were used for calculation for the Pt-TiO2 thin film with a Pt 
deposition time of 20 s at 30 W. The light intensity in the effective UV range (250 to 388 nm) 
was estimated from the measured light spectrum of the Xe lamp operated at 400 W in this work 
(Figure S5-6). The photon energy at a certain wavelength can be calculated using the following 
equation: 
 
€ 
Ephoton =
hc
λ
     (9) 
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where h is the Planck constant, c indicates speed of light, and λ is the wavelength. The average 
photon energy thus can be estimated by averaging the photon energy from 250 to 388 nm. The 
maximum CO and CH4 yields of the Pt-TiO2 thin film was obtained from Fig. 5-2a.  
 
Light intensity in the effective UV range:  19.6 mW/cm2 
Deposited film area (circle, r = 0.75 cm): 1.77 cm2 
Average photon energy:                  6.34×10-19 J 
Yield of CO:     179.34 µmol/g/hr 
Yield of CH4:     1360.89 µmol/g/hr 
Mass of the catalyst used:   0.7 mg 
Based on Eqs. (7) and (8), the 
€ 
φCO  was calculated as 0.077% and 
€ 
φCH 4  was 2.33%. The total 
quantum yield 
€ 
φCO +φCH 4( ) was thus obtained as 2.41%. 
 
Figure S5-6. Light spectrum of the Xe lamp operated at 400 W in this work. The spectrum was 
measured at room temperature and at the distance of 3 cm away from the light source, which was 
the exact distance that the catalyst was loaded. 
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5. 8. 5 Surface characterization of Pt-TiO2 thin films by XPS 
 
 
Figure S5-7: XPS spectra of Pt 4f, Ti 2p, and O 1s of Pt-TiO2 samples deposited at different 
loading times (10, 20, and 60 s) before and after irradiation.  
 
From Pt 4f results, we can see clearly that the smaller Pt0 particles (deposited in short 
time) could be partially oxidized into PtII as evidenced by the 4f7/2 peak shift from right to 
left.11,12 But for relatively large particles, they were very stable even after irradiation for long 
time. Ti 2p and O 1s showed no difference for each sample.  
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5. 8. 6 Structure analysis of Pt-TiO2 thin films 
 
Figure S5-8: TEM images of Pt-TiO2 thin films with different loading times. a) 20 s, b) 30 s, c) 
45 s, and d) 60 s.  
 
The TEM images clearly confirm the presence of Pt NPs on TiO2 surfaces. 
Monodispersed particles are mainly observed and the distribution of these particles is uniform at 
different conditions. The particle size of these Pt NPs increases with increasing loading time. 
Detailed particle size analysis results are shown in Fig. S5-9. Pt nanoparticles could not be 
identified by XRD (in Fig. 5-1e) due to their extremely small sizes and low quantities. The 
nature of low crystallinity of these Pt nanoparticles is another reason. This is particular true for 
those deposited for short times, which are actually nanoclusters and usually amorphous in nature. 
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5. 8. 7 Particle size analysis of Pt nanoparticles 
 
Figure S5-9: Particle size distribution of Pt nanoparticles deposited at different times. The above 
particle size distribution was obtained by randomly analyzing 100 Pt nanoparticles from their 
corresponding TEM images.  
 
Average particle sizes and standard deviations were obtained using the following 
equations. 
€ 
dav =
dp i∑
N                                                               (10) 
€ 
σ =
(dpi − dav )2∑
N                                                        (11) 
where dav and σ mean average particle size and standard deviation, dpi and N are individual 
particle size and total particle number. 
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5. 8. 8 Energy band positions of Pt-TiO2-CO2 system 
 
Figure S5-10: Schematic diagram of energy levels of Pt-TiO2-CO2 system.  
 
The Pt-TiO2-CO2 system is analogous to Pt-TiO2-O2 system13 since CO2 has a similar 
electron affinity to that of O2.14,15 From the figure the CB electrons cannot directly transfer to gas 
phase CO2 molecules, whose energy level is higher than that of CB. CO2 should absorb on Pt-
TiO2 surface and have an energy level close to or lower than -4.4 eV to receive CB electrons. 
Electrons are also not able to transfer to Pt atoms or extremely small Pt clusters15. This is also 
one of the reasons why the photocatalytic performance is not high at low Pt loading times, where 
Pt NPs are extremely small possibly having a higher energy level than that of CB. But electrons 
can transfer freely to Pt NPs with an energy level lower than -4.4 eV. When Pt NPs become 
larger, their properties may be approaching that of bulk Pt, capturing both photoelectrons and 
holes and acting as recombination center.13,16 Therefore, the Pt NPs having an optimal size 
should have an energy band positioned between -4.4 eV and -5.65 eV (the work function of bulk 
Pt17). In this work, the optimal size is found to be about 1 nm. The energy levels of these NPs 
need to be further investigated. 
 
! 119 
5. 8. 9 Photocatalytic pathways for CO2 reduction 
Step 1: photoexcitation (e-h generation & recombination) 
The TiO2 is first activated by UV light to generate e--h+ pairs (Eq. SE1), which will then 
recombine very fast to generate heat (Eq. SE2, in the order of ns, as you will see in our time-
resolved transient absorption spectroscopy measurements in Fig. 5-4 and Figs. S5-12-S5-16). 
The fast recombination rate of electrons and holes is the major reason for the low photoreduction 
efficiency. 
€ 
TiO2 + hv→ e− + h+                                               (SE1) 
€ 
e− + h+ → heat        (SE2) 
Step 2: CO2 reduction pathways 
As explained before, to reduce CO2, the semiconductor is required to have its conduction 
band (CB) electrons with higher energy compared to the CO2 reduction potential while the holes 
in the valence band (VB) to be able to oxidize water to O2 and provide protons (Eq. SE3), which 
are essential for the photoreduction reactions.  
Valence Band (Photooxidation) 
 
€ 
2H2O+ 4h+ → 4H + +O2          (SE3) 
Conduction Band (Photoreduction) 
In the CB of TiO2, CO2 can be converted into CO and CH4 by reacting with protons and 
electrons. Most of the researchers agree that the CO2 photoreduction process is proton-assisted 
multi-electron transfer (MET) instead of single electron transfer as the electrochemical potential 
of -2.14 V vs SCE for a single electron process is highly unfavorable.9 The possible CO and CH4 
formation that can occur in the photoreduction of CO2 in aqueous medium with multi-electron 
transfer are shown as follows.18 
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€ 
CO2 +2H + +2e− →CO+H2O   (SE4)  (Eredox/SCE = - 0.77 V) 
€ 
CO2 +8H + +8e− →CH4 +2H2O                (SE5)  (Eredox/SCE = - 0.48 V) 
€ 
CO+6H + +6e− →CH4 +H2O                  (SE6)19,20 
Besides of CO and CH4 formation, HCO2H, CH2O, and CH3OH can be converted from CO2.18 
€ 
CO2 +2H + +2e− →HCOOH    (SE7)  (Eredox/SCE = - 0.85 V) 
€ 
CO2 + 4H + + 4e− →HCHO+H2O   (SE8)  (Eredox/SCE = - 0.72 V) 
€ 
CO2 +6H + +6e− →CH3OH +H2O  (SE9)  (Eredox/SCE = - 0.62 V) 
The depletion of CO followed by oxidation with oxygen over the Pt surface (Eq. SE10) is 
negligible in this work, since the system was operated at atmospheric pressure and room 
temperature (Supplementary Fig. S5-11). Under this condition, the chemisorption of both CO 
and O2 on Pt surface is very weak and the reaction rate is generally very slow.21 
€ 
CO+1/2 O2→
Pt
CO2      (SE10) 
 
5. 8. 10 Reactor temperature monitoring 
 
Figure S5-11: Reactor temperature as a function of irradiation time.  
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The temperature of the photoreduction reactor was monitored during the whole 
irradiation period. To avoid thermal effect caused by infrared (IR) irradiation, an IR water filter 
(Oriel, Model No. 6123) was attached the Xe lamp (between the lamp and the reactor). This filter 
uses a fused silica window to transmit light from visible down to 250 nm, but significantly 
reduces IR by absorption by water. From the above results the temperature first increases from 
around 22°C and reaches 32°C after two hour irradiation. This temperature is stable for the rest 
of irradiation period, which is lower than the nominal temperature (~ 45°C) of 1 sun irradiation 
using a Class A solar simulator.22 According to the previous research, the conversion efficiency 
does not increase at a temperature below 50°C.23 We can thus conclude that the thermal 
contribution should be limited in this work.  
 
5. 8. 11 Time-resolved transient absorption spectroscopy datasets analysis 
The average number of electron-hole pairs present in semiconductor at time t after 
photogeneration can be described by following general function:24 
      
€ 
x (t) = (2exp(−
n=1
∞
∑ x 0)(−1)n
x 0 i
(n + i)! (n − i − j)) exp(−n
2kt)
j=1
n
∏j=1
∞
∑       (12) 
Where 0 is an average number of pairs at time t = 0, n – number of semiconductor particles per 
unit volume.  
If 0  is small, the equation (12) can be simplified to:24 
          
€ 
x (t) = x 0 exp(−kt)          (13) 
If 0  is large, the equation (12) can be simplified to:24 
€ 
x (t) = x 01+ x 0kt
                 (14) 
Because  is proportional to ΔA, the equations (13) and (14) can be described as follow: 
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€ 
ΔA(t) = ΔA0 exp(−kt)                                                                                         (15) 
and  
€ 
ΔA(t) = ΔA01+ΔA0kt
         (16) 
In our case the character of the process can be easily tested by plotting the TA kinetics on the 
following ways: 
€ 
ln(ln A0
ΔA
# 
$ 
% 
& 
' 
( ) =C − lnkt  , where C is a constant and t is expressed in                 (17) 
or  
€ 
1
ΔA =
1
ΔA0
+ kt                                                                                                 (18) 
The data provided below represent the same TA kinetic trace of the TiO2 film probed at 
900 nm. The data were plotted and fitted acording to equations (17) and (18). 
 
  
Figure S5-12: TA kinetics of TiO2 films probed at 900 nm upon excitation 365 nm and laser 
intesity of 5.9×1014 photons/cm2. Fitting results clearly demonstarate that decay dynamics does 
not obey second order decay (a, left above) and very likely follows by first orded decay (b, right) 
with two different decay constants (fast and slow phase). The first one with time constant of 70-
300 ps (depending from energy excitation) was previously assigned to equilibration of trapped 
electrons.24 The second longer decay constant is associated with charge recombination process. 
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Relationship between k, kobs, krec, and τrec 
The electron-hole recombination rate constant (k, also called decay constant) in general is 
not a fixed value. It is dependent on electron-hole concentration. In such case the observed 
electron-hole recombination rate constant (kobs) can be expressed as: 
 
€ 
kobs = krec + k[e− − h+]                                                              (19) 
The electrons e- that are trapped either in TiO2 or in Pt NPs possess broad absorption band that 
spans both VIS and NIR spectral ranges and peaks between 800 and 900 nm. This band does not 
overlap with absorption band of trapped holes.25 Because e- concentration is a linear function of 
absorbance, the electron-hole concentration [e--h+] can also be expressed as function of ΔA: 
€ 
[e− − h+] = ΔAε x                          (20) 
where ε is an absorptive molar extinction coefficient and x is an optical path. 
We are assured that x and ε have the same values for both TiO2 and Pt-TiO2 samples. 
Even though value of ε of trapped electrons is not defined at 900 nm, for our purposes we can 
simple write that Eq. 20 can be simplified to: 
      
€ 
[e− − h+] =CΔA                                                              (21) 
where C is constant and C = εx and has the same value for both samples. 
Finally Eq. (16) becomes: 
€ 
kobs = krec + kC ΔA900nm                                                       (22) 
where krec is a true (intrinsic) electron-hole recombination rate constant independent from pairs 
concentration and 1/ krec = τrec – the true (intrinsic) electron-hole recombination lifetime. It is 
apparent that if Pt NPs affect electron-hole recombination (for example they suppress the 
process) differences either in krec or k are expected. 
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Figure S5-13: Fitting results of 900 nm TA kinetics of TiO2 upon excitation at 365 nm with 
different laser energies (different light intensities). 
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Figure S5-14: Fitting results of 900 nm TA kinetics of Pt-TiO2 (45 sec exposure) upon 
excitation at 365 nm with different laser energies (different light intensities). 
 
! 126 
 
Figure S5-15: Representaive 2D transient absorption profile of TiO2 film (excited at 365 nm 
with laser energy of 3 µJ). 
 
 
Figure S5-16: Transient absorption spectra of the representative dataset shown in Figure S5-15, 
taken at different delay times after excitation. 
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6. 1 Abstract 
Aerosol based techniques were used to characterize and deposit quantum dots (QDs). 
Using an electrospray-assisted characterization technique, the mobility diameter of CdSe QDs 
was successfully measured in real-time. The electrospray technique was also used to deposit 
CdSe QDs onto nanostructured TiO2 films. Compared to conventional methodologies such as dip 
coating with linker-containing molecules or chemical bath deposition, an electrospray system 
enabled uniform deposition of QDs over the nanostructured TiO2 surface in a short processing 
time. As-deposited films were annealed to enhance binding between the QDs and TiO2 surface. 
These QD-decorated TiO2 films were used in photoelectrochemical cells, for which the 
photoenergy conversion efficiencies were tested. Optimization of the deposition time of the QDs 
resulted in increased efficiencies. Multiple layers of QDs caused a decrease in energy- 
conversion efficiency, likely due to inhibition of the transportation of photogenerated electrons 
into the TiO2 structure. The energy-conversion efficiency trends were supported by time-
resolved photoluminescence decay data.  
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6. 2 Introduction 
Hydrogen produced by the photolysis of water has attracted considerable attention as a 
potential energy source because of its sustainability and renewability. Titanium dioxide (TiO2) 
was the first photoreactive semiconducting material demonstrated to photosplit water to produce 
hydrogen [1]. Furthermore, TiO2 continues to be the most popular, because of its low cost and 
good stability. However, its wide bandgap (Eg= ~3.2 eV) only allows TiO2 to absorb 
photoenergy in the UV range, which is less than 3% of the whole solar light spectrum. By 
incorporating either metallic or nonmetallic dopants, the band gap of TiO2 can be engineered, 
such that its light absorption can be extended into the visible range [2-4]. However, it is difficult 
to control the dopant states precisely; and thus TiO2 may not absorb the targeted light range. An 
alternative approach is the employment of sensitizers on the TiO2 surface. Solid-state 
semiconductor quantum dots (QDs), such as CdS, CdSe, CdTe, and PbS, have shown promise 
for solar energy applications [5-9]. QDs have two specific advantages for photovoltaic 
applications.  First, the optical properties of quantum dots can be tuned by controlling their size 
and shape. For example, excitonic transitions of 557, 543, 520, and 505 nm correspond to the 
CdSe quantum dots of 2.3, 2.6, 3.0, and 3.7 nm size, respectively [10]. This tunable band edge 
property enables devices to selectively harvest portions of the solar spectrum. Furthermore, by 
integrating QDs with different sizes, devices can absorb photons over a wide energy range. 
Second, quantum dots can produce multiple excitons (electron-hole pairs) per single photon of 
greater energy than the bandgap [11], which can improve the energy-conversion efficiency. 
In QD decorated photoelectrodes, conformal coverage with a single layer of QDs, with 
well-defined size, is desirable for improved energy-conversion efficiency. Furthermore, it is a 
challenge to precisely control the quantity of QDs anchored on the TiO2 surface. Two methods 
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have been commonly used to anchor QDs on photoelectrodes. The first method is to bind QDs 
on the TiO2 surface by means of surface modification with bifunctional groups such as a 
carboxylate and thiol (SH-R-COOH) [12, 13]. In this case, a linker moiety is attached to the QD 
and the resulting linker-containing QD is chemically bound to the functionalized surface. 
However, the increased distance between the QDs and the semiconducting oxide surface can 
reduce the electron transport rate, which can limit the energy- conversion efficiency. Other 
methods to anchor QDs to photoelectrodes utilize chemical bath deposition, sequentially 
submerging the TiO2 film in a cationic salt solution followed by an anion salt solution [14, 15], 
or through electrochemical deposition [16]. These methods use in-situ growth of QDs on the 
TiO2 surface without any linkers; thus improving the interaction between QDs and the 
semiconducting material. A drawback with the above methods is that it is difficult to control the 
size of the QDs and to obtain monodisperse particles, which may limit the absorption range of 
the QDs. Furthermore, both the linker method and the chemical bath deposition method require 
multiple process steps and take a long time for fabrication.  
Electrospray has been utilized to characterize sub-micrometer sized inorganic particles 
[17], proteins [18], and natural complexes [19], as well as to deposit these materials onto a 
substrate [17, 19-21]. The interplay of the mechanical and electrical forces on the end of the 
capillary tube helps the liquid coming out to form a conical shape (cone-jet). In the cone-jet 
mode, highly charged and nearly monodispersed droplets are formed, wherein the average 
droplet diameter can be precisely controlled from tens of nanometers to tens of micrometers, by 
adjusting the process parameters [22-24]. These highly charged suspensions are ballistically 
deposited on the grounded target substrate with high deposition yields. Modesto-Lopez et al.[19] 
employed an electrospray system to characterize the size of chlorosomes, a natural light-
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harvesting complex, found in Chloroflexus aurantiacus. With the assistance of electrospray, 
chlorosomes were also deposited onto black dye molecules without any denaturing.  
 In this study, electrospray methods were used for accurate, online characterization of the 
particle size distribution of single QD nanoparticles, and also for precise control of the CdSe 
QDs deposited on the TiO2 surface. The as-prepared QD sensitized TiO2 films were used as 
photoelectrodes. The device performance was tested by splitting water while investigating the 
optimal conditions.  
 
6. 3 Experimental section 
6. 3. 1 Preparation of CdSe QDs 
Oleic acid-capped CdSe QDs were prepared by a method previously developed by Wong 
and coworkers [25]. 0.128 mg of cadmium oxide (CdO), 2 ml oleic acid (OA) and 20 ml 1-
octadecene (ODE) were placed in a four-neck flask and heated to approximately 240 °C under 
argon flow to form a homogeneous colorless solution. The selenium precursor was prepared by 
dissolving 118 mg of Se powder in 1 ml of Trioctylphosphine (TOP). 0.34 ml of the prepared 
TOPSe precursor was injected rapidly in the hot colorless Cd-oleate solution at 250 °C to form 
an orange-red solution. The QDs were allowed to grow for 2 minutes at 220 °C. The solution 
was then cooled down and washed with acetone several times to remove unreacted chemicals. 
Finally, the resulting particles were re-dispersed in chloroform and stocked under a nitrogen 
atmosphere in the dark. 
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6. 3. 2 Electrospray measurement of CdSe QD size distribution  
A commercial electrospray aerosol generator (TSI model 3480) was used to atomize a 
QD colloidal suspension. QDs suspended in methanol were electrosprayed to generate single 
quantum dots. Methanol was used as the solvent to suspend the QDs to a concentration of 0.005 
mg/mL, and a trace of ammonium acetate was added to increase the suspension conductivity to 2 
mS/cm. The inlet of a fused silica capillary (Polymicro techniques, Phoenix AZ) with an internal 
diameter of 40 µm was immersed in the QD suspension. A platinum wire, also immersed in the 
liquid, was connected to a high voltage power supply to charge the liquid suspension. The 
charged CdSe QD suspension was introduced to the chamber due to the capillary inlet/outlet 
pressure drop. The carrier gas was a mixture of air and CO2 (1 and 0.1 l/min, respectively). CO2 
was used to prevent corona discharge formation at the tip of capillary. The length of the capillary 
was 25 cm and the pressure across the capillary was 1.4 psi. The charged suspension was ejected 
from the capillary outlet to form the cone-jet which subsequently broke up into the highly 
charged fine droplets. A radioactive source, Po-210, was used to neutralize highly charged 
droplets to attain Boltzmann charge levels. The charged particles were directed to a differential 
mobility analyzer (DMA, TSI Inc., Model 3085) to be classified according to their electrical 
mobilities. A condensation particle counter (CPC, TSI Inc., Model 3776A) connected to the 
outlet of the DMA was used to detect both the size and the number of the particles. 
 
6. 3. 3 Electrospray to fabricate CdSe sensitized TiO2 photoelectrochemical cell  
Nanostructured columnar TiO2 films were synthesized by aerosol chemical vapor 
deposition (ACVD) [26]. The titanium tetra-isopropoxide (TTIP) (Sigma-Aldrich) liquid in the 
bubbler at 30 °C, was entrained as vapor and carried into the reactor by nitrogen gas. The feed 
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rate of precursor was 2.41 µmol/min and its residence time, τres was 25 ms. TiO2 thin films were 
deposited on the indium tin oxide (ITO) coated glass (Delta Technologies, Stillwater, MN) for 50 
min. The substrate temperature was 500 °C.  
 For deposition of CdSe QDs onto the TiO2 surface, a home-made electrospray set up as 
shown in Figure 6-1 was used. The CdSe QDs suspension in chloroform was loaded in the 
syringe. A syringe pump fed the CdSe suspension through a stainless steel needle (ID of 125 µm 
and OD of 1/16’’) at a flow rate of 0.6 µl/min. High voltage was supplied to the needle with a 
positive potential around 6.2 kV to form the cone-jet at the needle outlet. A TiO2 film on ITO 
glass was clipped to an aluminum substrate and placed perpendicular to the needle at a distance 
of 2.5 cm. In order to enhance the interaction between QD and TiO2 film, the coated films were 
annealed at 150 °C for 1hour under N2 (Lindberg, Asheville, NC) atmosphere.  
 
6. 3. 4 Characterization 
The hydrodynamic diameter of QDs in the suspension was measured by dynamic light 
scattering (DLS) at 25 °C with a He-Ne laser of 632 nm wavelength (Zetasizer Nano ZS, 
Malvern). A sample was loaded after filtered by a 0.45 µm Teflon syringe filter (diameter 13 
mm, Whatman Ltd). The light absorption measurements were performed in a Cary 300 (Varian, 
Palo Alto, CA). The morphology and film thickness were determined by scanning electron 
microscopy (SEM: Hitachi, model S-4500) using a field emission electron microscope operating 
at 15 kV. Alternatively, transmission electron microscopy (TEM: JEOL, model 2100 FEG) 
operating at 200 kV was used to characterize crystallinity and confirm presence of CdSe QDs on 
the TiO2 surface. TEM specimens were prepared by scratching a little film from the substrate 
with a scalpel and placing them directly onto carbon grids (Ted Pella, Redding, CA). Static 
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fluorescence and excitation (PTI, model Quantamaster 40) measurements were performed on 
samples deposited onto glass slides at an angle of approximately 45 degrees between the 
excitation source and normal of the slide, with detection performed at another 45 degree rotation 
(90 degrees from incident excitation light).  Samples were excited at various wavelengths and the 
emitted light passed through various colored glass filters to remove scattered excitation light 
prior to the detector. Spectra were corrected for detection-system spectral response.  
Fluorescence lifetimes were obtained via decay measurements using a Photon Technology 
International LaserStrobe TM-3, which utilizes time-correlated-single-photon-counting detection 
and excitation flashes (350-650 nm) from a GL-3300 nitrogen laser that pumps a GL-302 dye 
laser. The apparatus has an approximately Gaussian instrument response function with a full-
width-at-half-maximum of ~1.2 ns. 
 
6. 3. 5 Photoelectrochemical measurement  
Photoelectrochemical measurements were carried out using a three electrode 
configuration with a CdSe QD deposited TiO2 film and as a working electrode, a platinum wire 
as a counter electrode, a saturated Ag/AgCl as a reference electrode. A polysulfide solution of 
0.35 M Na2SO3 and 0.25 M Na2S was used as the electrolyte, which pH was 13. The electrolyte 
solution was purged with nitrogen to remove dissolved oxygen before testing. The light from a 
Xenon arc lamp (Oriel model 66021, Stratford, CT) passed through an optical filter to allow only 
wavelengths longer than 400 nm to illuminate the photoanode with the light intensity of 60 
mW/cm2. The photocurrent of the working electrode versus the external bias voltage was 
recorded with a potentiostat (BASi Inc. model CV-50W, West Lafayette, IN) at a scan rate of 10 
mV s-1. 
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6. 4 Results and discussion 
6. 4. 1 Size characterization for CdSe QDs  
 
Figure 6-1: Schematic diagram of an electrospray-assisted technique for mobility diameter 
measurements and for QD deposition for fabrication of photoelectrochemical cell (PEC) devices. 
 
Size characterization of QDs is often performed using cumbersome TEM. Here, an 
electrospray-assisted mobility technique was used to characterize the size distribution of these 
nanosize materials [17-19]. To the best of our knowledge, this is the first measurement of size of 
QDs using an electrospray-assisted mobility technique. Figure 6-1 shows a schematic diagram of 
the experimental set up for an electrospray-assisted size measurement and for deposition on the 
substrate. Using an electrospray in the cone-jet mode, monodispersed droplets containing CdSe 
QDs were sprayed. In this method, highly charged, monodispersed droplets are evaporated and 
the QDs, which originally exist in the droplet, are spontaneously charged. Thus, through a DMA, 
information on size distribution of charged CdSe QDs was obtained in real-time. The sprayed 
droplet size and number concentration of sample in the dispersion determine the number of 
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particles in a droplet, which is important for size characterization and deposition behavior [20]. 
To characterize the size of QDs using an electrospray-assisted technique, each droplet should 
contain a single QD. The average number of primary particles in a droplet generated by the 
electrospray can be estimated [20]. 
€ 
n = π6 DD
3 Nconc       (1)
 
In equation (1), n is the average number of primary particles in a droplet, DD is the 
electrosprayed droplet size, and Nconc is the number concentration of particles in the suspension.  
 
Figure 6-2: Size distribution of CdSe quantum dots from (A) electrospray-assisted mobility 
measurement and from (B) dynamic light scattering (DLS). 
 
As shown in figure 6-2A, the mobility size distribution of CdSe QDs size was nearly 
monodispersed, with a mean diameter of 3.34 nm and a geometric standard deviation of 1.14 nm. 
This QD diameter is in good agreement with the estimated size (3.2 nm) from the exciton peak 
position in the UV-vis absorption spectra [27]. Under the conditions for the mobility 
measurement, the average number of CdSe QDs in each droplet generated by an electrospray is 
unity. With a well-dispersed suspension, the number of primary particles in a droplet is governed 
by the Poisson distribution [20, 28]. Moreover, approximately 73% of droplets contained either a 
! 139 
single CdSe QD or none. Thus, the mobility size distribution is an accurate measurement of the 
size of unaggregated aerosolized CdSe QDs.  
The QD suspension was also characterized by DLS. Figure 6-2B shows the size 
distribution of 0.05 mg/ml QDs in a chloroform solution. The mode diameter of QDs was 9.8 
nm, which was larger than the size measured from DMA, because the size from DLS represents 
the average hydrodynamic diameter of QDs in chloroform solution. The surfactant coating and 
surrounding electrical double layer on each QD caused this large difference. Thus, electrospray 
followed by mobility measurement provides a more accurate and real-time methodology for 
single, nascent QD size measurement. 
 
6. 4. 2 TiO2 photoelectrode with linker-free sensitized QDs 
 
Figure 6-3: Different configurations of QD deposited TiO2 electrodes: (A) QD-TiO2 with linker 
molecules, (B) QD-TiO2 by chemical bath method, and (C) desirable QD-TiO2 electrode. 
 
Figure 6-3 shows three different configurations of photoelectrodes. For configuration (A), 
QDs cover the TiO2 surface uniformly using linker molecules. However, it was reported that the 
electron transfer rate constant was higher in directly adsorbed QDs-TiO2 rather than in linker 
! 140 
molecules aided QDs-TiO2 [29]. The linker sets the QD farther from the surface and thus 
potentially slows the electron transfer process compared to the situation of direct attachment. In 
configuration (B), QDs are direclty formed on the TiO2 surface either by chemical bath 
deposition or electrochemical deposition. However, it is difficult to control both the size of QDs, 
which establish optical properties, and deposition uniformity. As shown in (C), uniform 
deposition of well-defined QDs on the TiO2 surface is desirable.  
To investigate the electron transfer efficiency from QDs into TiO2 effectively, all 
photoelectrodes were nanostructured columnar TiO2, which show improved 
photoelectrochemical performance [26, 30]. Using an electrospray system (Figure 6-1), CdSe 
QDs were deposited onto the as-prepared TiO2 film. Various deposition times with different 
concentrations of QD suspension were used to fabricate photoelectrodes. Experimental 
conditions for CdSe QDs sensitized TiO2 photoelectrodes are summarized in Table 6-1. For the 
deposition of CdSe QDs onto the TiO2 surface, an electrospray system was integrated with the 
grounded substrate, as shown in Figure 6-1. 
 
Table 6-1: Summary of experimental conditions for CdSe QDs sensitized TiO2 films. The height 
of TiO2 column was approximately 3 µm. The test 8* sample was used for both optical property 
and photocurrent measurements. Photocurrent density** was measured at an applied potential of 
+0.5 V versus RHE (Reversible Hydrogen Electrode). 
Test Objective CdSe QD suspension concentration [mg/ml] 
Deposition 
time [hr] 
Photocurrent density** 
[mA/cm2] Post treatment 
1 Only TiO2 N.A. 0.007 No 
2 0.05 0.5 - No 
3 
Morphology 
observation 
0.25 0.5 - No 
4 0.25 suspension - No 
5 Optical property 0.05 1.5 - No 
6 0.05 0.5 0.17 Annealed 
7 0.05 1 0.28 Annealed 
8* 0.05 1.5 0.48 Annealed 
9 0.05 3 0.37 Annealed 
10 0.05 5 0.34 Annealed 
11 0.25 0.5 0.41 Annealed 
12 0.25 1 0.39 Annealed 
13 
Photocurrent 
measurements 
0.05 drop casting 0.22 Annealed 
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Figure 6-4: Scanning electron microscope (SEM) and Transmission electron microscopy (TEM) 
images for samples produced in tests 1-3. 
 
Figures 6-4 represents the SEM and TEM images of tests 1, 2, and 3. From the images, 
TiO2 columns 300~500 nm in width and several micrometers in length were vertically aligned on 
the substrate. After QD deposition, the TiO2 surface became rough, since the surface was 
covered by CdSe QDs. As the suspension concentration was increased from 0.05 mg/mL (test 2) 
to 0.25 mg/mL (test 3), the QDs deposition status changed from a uniform, thin layer to a porous 
layer. Suspensions with higher concentrations allow for multiple QDs in each droplet generated 
by electrospray, resulting in softly aggregated QDs in droplets [17]. Therefore, the deposition 
structure tends to form a more porous morphology rather than a thin, densely packed structure 
with a low concentration of QD suspension. In terms of the efficiency of electron transfer, which 
is closely connected to the overall photoenergy conversion efficiency, a thick, porous layer of 
sensitizer is not favorable due to the increased formation of defects and trapping sites. Therefore, 
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it is preferred for the photoelectrochemical device design that a thin layer of QDs is applied to 
TiO2 thin films by electrospraying a low concentration suspension. In high-resolution TEM 
images of tests 1 and 2 (TiO2 thin films without and with QDs), a clear lattice fringe of TiO2 
anatase (101) plane is observed. However, in the second column of Figure 6-4, difference in 
crystal lattice fringes of QDs from the TiO2 surface confirmed that CdSe QDs were uniformly 
distributed on the TiO2 surface after deposition by electrospray. 
 
Figure 6-5: UV-vis absorption spectra and photoluminescence (inset) for samples produced in 
tests 4, 5, and 8. 
 
The optical properties of CdSe QDs deposited on TiO2 films were characterized. Figure 
6-5 shows the UV-vis absorption and emission spectra (the inset) of CdSe QDs in suspension 
(test 4), electrosprayed onto a TiO2 film before (test 5) and after (test 8) the annealing process. 
The absorption spectra exhibited a band edge (corresponding to the first excitonic absorption) of 
548 nm for the suspension and 544 nm for the samples electrosprayed onto the TiO2 surface. The 
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electrospray process preserved the optical properties of the QDs without any physical 
transformation due to annealing. The fluorescence spectra show similar consistency with the 
emission peak at 571 nm for the suspension (test 4) and 568 nm for the electrosprayed samples 
(tests 5 and 8), confirming that there were no physical changes of the QDs on the TiO2 surface 
[27]. The photoluminescence (PL) spectra for samples from tests 5 and 8 were significantly 
quenched compared to the suspension (test 4). This PL quenching was probably caused by the 
electron injection from CdSe QDs into TiO2 [31, 32].  
 
6. 4. 3 Photocurrent measurements of photoelectrochemical cell devices  
The reaction mechanism for the photocatalytic hydrogen production over CdSe QDs/TiO2 
in the presence of S2- and SO32- is well described elsewhere [33, 34]. The calculated bandgap of 
CdSe QDs (~2.25 eV) from UV-vis spectra is smaller than TiO2 (~3.44 eV). The conduction 
band level of TiO2 was reported at -0.5 V (vs a normal hydrogen electrode (NHE)) [35], which is 
higher than the conduction band level of CdSe QDs with 3 nm of diameter of -1.57 (NHE) [36]. 
When TiO2 and CdSe QDs form a junction, the photogenerated electrons are injected from CdSe 
QDs into TiO2, and then transported to the counter electrode to reduce the water to form 
molecular hydrogen. 
When a photon is absorbed by CdSe QD, an electron-hole (e-/h+) pair is generated, which 
is described as:  
€ 
CdSe + hv→CdSe* + e− + h+      (2) 
Sacrificial reagents were used to scavenge the holes, preventing photogenerated electrons 
from recombining with photogenerated holes. Since the mixture of S2- and SO32- sacrificial 
agents showed higher activity than an individual sacrificial reagent [33], in this study mixed 
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Na2S and Na2SO3 were employed. The S2- could combine with the holes effectively and produce 
S22-, which was in turn converted to S2- by reaction with SO32-, as shown in the mechanism 
below. 
€ 
2S2− + 2h+ → S22−      (3) 
€ 
S22− + SO32− → S2O32− + S2−     (4) 
Photogenerated electrons move to the counter electrode to reduce water and form hydrogen. 
€ 
2H2O+ 2e−→
Pt
H2 + 2OH −     (5) 
 
Figure 6-6: (A) Photocurrent density as a function of electrode potential (V vs Ag/AgCl) for 
tests  6-10, and 13. Solid and dashed lines correspond photocurrent density and darkcurrent 
density of samples. 0.35 M Na2SO3 and 0.25 M Na2S solution (pH 13) and 10 mVs-1 scan rate.  
(B) Photoresponse of test 8. 
 
By varying the concentrations of the QD suspension and different electrospray deposition 
times, photoelectrochemical cells (PECs) were fabricated. Photocurrents were measured with as-
prepared PECs. Figure 6-6A shows the photocurrent generated at different bias voltages for 
annealed QD-coated TiO2 electrodes, which were fabricated by spraying two different 
concentrations of CdSe QD suspensions (0.05 mg/ml and 0.25 mg/ml) for varied deposition 
times. PECs were illuminated by >400 nm light with 60 mW/cm2 intensity. For test 1, the TiO2 
films showed a negligible photoresponse, (~7 µA/cm2) because TiO2 did not absorb in the visible 
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light range. The CdSe QD-sensitized TiO2 films (tests 6 - 12) demonstrated a significant 
enhancement in photocurrent compared to pristine TiO2 (test 1). Under illumination by the light 
source in the visible regime, only CdSe QDs were excited and generated photocurrent. With a 
0.05 mg/ml of QD suspension, as deposition time increased from 0.5 to 1.5 hour, the saturated 
photocurrents for tests 6 to 8 improved from 0.17 to 0.48 mA/cm2. However, photocurrents 
decreased for deposition times beyond 1.5 hrs. For 3 and 5 hours QD deposition (tests 9 and 10), 
saturated photocurrents were 0.37 mA/cm2 and 0.34 mA/cm2, respectively. At short deposition 
times, the TiO2 surface was not well covered with QDs. As deposition time increased, QDs 
completely covered the TiO2 surface, forming extra layers. These QD layers potentially might 
cause electrons to be trapped, resulting in lower photocurrents. Next, a higher concentration of 
QD suspension (0.25 mg/ml) was used with the electrospray system. Saturated photocurrents 
slightly decreased with increased deposition time (tests 11 and 12) (Supplemental Information 
Figure S6-1).  These results imply that the photocurrent for test 11 was already saturated. A 
longer deposition time with 0.25 mg/ml probably led to multiple layers of QDs in test 12. These 
QD layers apparently caused electron-hole recombinations, resulting in lower photocurrents. A 
drop casting method was employed (test 13) to compare the photocurrent to one fabricated by the 
electrospray to deposit QDs on the TiO2 photoanode. A QD with the same volume as the sample 
electrosprayed at 0.05 mg/ml for 1.5 h was directly dropped onto a TiO2 film. After annealing 
the drop casting photoanode at 150 ºC for 1h, the photocurrent was measured under the same 
light illumination conditions. As shown in Figure 6-6A, the saturated photocurrent of the sample 
made from the electrospray (test 8) was about 2.2 times higher than that of the sample made 
using the drop casting (test 13). Since the sample made from drop casting had much more 
agglomeration than the sample fabricated from electrospray, the efficiency of photogenerated 
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electron transfer might be reduced [19, 37]. The reproducibility of the photocurrent generation 
from test 8, which showed the highest photocurrent to the illumination with visible light, was 
shown in on/off cycles of Figure 6-6B. The photocurrent response was similar for all the cycles, 
which implies that the photoanode shows good stability. The trend of time-resolved PL spectra 
supports the photocurrent results. Figure 6-7 shows the time-resolved PL decay profiles of tests 
7-10 and 13, with the inset showing test 4, the QD suspension. 
 
Figure 6-7: The time-resolved photoluminescence (PL) decay profiles for samples produced in 
tests 4, 7-10 and 13. 
 
The instrument response factor has also been included for reference. The average decay 
lifetimes for CdSe/TiO2 for spray times of 1 (test 7) and 1.5 hours (test 8) were shorter than that 
of longer spray times of 3 (test 9) and 5 hours (test 10), as well as the drop casted sample (test 
13). The lifetimes for each of these test conditions were dramatically reduced compared to the 
QD suspension. Tests 9, 10, and 13 all displayed a residual (<10%) long lived component 
indicative of QDs that are not participating in a quenching process and are fluorescing with a 
lifetime similar to that displayed by the QD suspension. Tests 7 and 8 showed more rapid 
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fluorescence decays than tests 9 and 10, consistent with more facile injection of photogenerated 
electrons from CdSe QDs into TiO2. The trends in these results match those described above for 
water splitting, from which the same inferences are drawn. In particular, for shorter spray times, 
the QDs did not saturate the surface, and the majority interact directly with the TiO2, and inject 
photoelectrons efficiently. However, for longer spray times, after the whole TiO2 surface was 
covered, additional QD layers induced more defects and trapped sites that compromise the 
overall electron-injection efficiency.  
 
Figure 6-8: Photocurrent density at an applied potential of +0.5 (V/RHE) with respect to 
different QDs deposition times of tests 1, 6-10. 
 
Figure 6-8 shows the photocurrent density at an applied potential of +0.5 (V/RHE) of 
each PEC (tests 6-10). As shown in Figure 6-8, the photocurrent density was limited by the light 
absorption by QDs up to a certain QD deposition time (1.5 hours). This effect is likely 
responsible for the lower photocurrent density for test 7 than test 8 even though test 7 showed a 
shorter excited-state (fluorescence) decay time (implying a faster electron transfer rate). 
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However, after 1.5 hours of QD deposition (tests 9 and 10), the photocurrent density is reduced 
because more generated photoelectrons were trapped between QDs. This deduction follows the 
same arguments given above concerning the similarly reduced electron transfer rate. 
 
6. 5 Conclusions 
An electrospray system was successfully used to measure the size of CdSe QDs as well 
as to deposit them onto a TiO2 surface to fabricate photoelectrodes. Both the physical and the 
optical properties of QDs were preserved during deposition processing by electrospray. Different 
concentrations of QD suspensions and total deposition times were used to optimize the energy 
conversion efficiency for the photolysis of water. An electrosprayed deposition of CdSe QD 
suspension with 0.05 mg/ml for 1.5 h on columnar TiO2 films with a height of 3 µm showed the 
best photocurrent density under visible light illumination. The photocurrent density is determined 
by several factors including the number of absorbed photons by QDs and the efficiency of 
electron injection from QDs into TiO2. A small number of deposited QDs limit the number of 
absorbed photons in the visible light range, while excess deposited QDs causes more defects and 
trap sites enhancing electron-hole recombination. The electrosprary method can provide a viable 
way to fabricate QD sensitized TiO2 films in a controlled manner for solar energy devices 
without linker molecules. The methodology and results presented here are encouraging and 
further studies must be carried out to determine optimum conditions to maximize photocurrent. 
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6. 8 Supplemental information 
 
Figure S6-1: Photocurrent density as a function of electrode potential for tests 11 and 12. Solid 
and dashed lines correspond photocurrent density and darkcurrent density of samples. 
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7. 1 Abstract 
All photosynthetic organisms contain light-harvesting antenna complexes and electron 
transfer complexes called reaction centers. Some photosynthetic bacteria contain large (~100 
MDa) peripheral antenna complexes known as chlorosomes. Chlorosomes lose their reaction 
center when they are extracted from organisms. Lead sulfide (PbS) quantum dots (QDs) were 
used for artificial reaction centers. Successive ionic layer adsorption and reaction (SILAR) 
allows different sizes of PbS QDs with different cycles to be easily deposited onto the 
nanostructured columnar titanium dioxide (TiO2) film with single crystal. Chlorosomes were 
sequentially deposited onto the PbS QDs surface by electrospray. Compared to the typical PbS 
QD sensitized solar cells, overall energy conversion efficiency increased with the Förster 
resonance energy transfer (FRET) effect between PbS QDs and chlorosomes. 
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7. 2 Introduction 
Metal oxide-based solar cells such as dye-sensitized or quantum dot (QD) sensitized solar 
cells have shown potential for replacement of conventional silicon based-solar cells [1]. 
Compared to the commercial silicon photovoltaic (PV) devices, the energy conversion efficiency 
of metal oxide-based solar cells is much lower, although silicon is not an ideal material for 
photovoltaic devices. To harvest wide-light spectrum is necessary for highly efficient 
photovoltaic conversion. Despite many efforts to harvest wide-light spectrum with co-sensitizers 
[2-5], the energy conversion efficiencies don’t seem to be improved easily. Natural 
photosynthetic assemblies, chlorosomes have evolved to capture photons and funnel them 
towards a reaction center for charge separation with a higher quantum and energy conversion 
efficiency than artificially designed assemblies. Although chlorosomes have superior properties 
for harvesting wide-light spectrum, unfortunately, chlorosomes cannot be directly utilized as 
sensitizers for photovoltaic devices. This is because when chlorosomes are extracted from 
organisms, they lose their associated reaction center, which functions as a charge separation 
center. Modesto-Lopez et al. employed black dye molecules to replace the reaction center that is 
driven by the chlorosome [6]. However, adsorption of dye molecules onto the TiO2 surface via 
an ester linkage can be unstable with moisture. In the present study, PbS QDs will be used as 
artificial reaction centers. The size of PbS QDs will be tuned to optimize a FRET (Förster 
resonance energy transfer) model between PbS QDs and chlorosomes as well as the electron 
affinity between TiO2 and PbS QDs [7]. 
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7. 3 Experimental section 
Nanostructured columnar TiO2 films were synthesized by aerosol chemical vapor 
deposition (ACVD) [8]. The vapor precursor, titanium tetraisopropoxide (TTIP, Sigma-Aldrich, 
St. Louis MO) with 1.53 µmol/min and 20 ms of residence time, was deposited for 50 min, 
which deposited TiO2 columns of 1.5 µm onto the ITO substrate (Delta Technologies, Stillwater 
MN). Successive ionic layer adsorption (SILAR) allowed PbS QDs formed in-situ on the 
columnar TiO2 surface [4]. Different number of cycles of SILAR was conducted: three, five, 
seven, and nine cycles. The chlorosomes extracted from the green sulfur bacterium 
Chlorobaculum tepidum by previously used method [9] with modifications were coupled with 
the PbS QDs using electrospray. OD 0.3 chlorosome aqueous solution with 10 mM ammonium 
acetate (Sigma-Aldrich, St. Louis MO) was loaded. Applying high voltage around 8-10 kV, the 
cone-jet formed at the needle outlet. Chlorosomes were deposited onto PbS QDs-TiO2 films for 
10 minutes. As-prepared biohybrid photoanode was sandwiched with a FTO substrate 
(Pilkington North America Inc., Toledo OH), which was Pt coated. Polysulfide aqueous 
electrolyte of 0.5 M Na2S (Sigma-Aldrich, St. Louis MO) and 0.1 M Na2SO3 (Sigma-Aldrich, St. 
Louis MO) was injected into the cell. The size of PbS QDs were characterized by high-resolution 
transmission electron microscopy (HR-TEM). The ultraviolet-visible (UV-vis) spectra analysis 
(Cary 100, Varian, Inc., Palo Alto, CA) was performed to characterize the optical property of 
PbS QDs adsorbed TiO2 films. The I-V curves for the biohybrid solar cells were measured under 
illumination from a solar simulator (Oriel Light Sources, Stratford, CT) with the AM 1.5 G 
spectra, which power density was 72 mW/cm2. The current was recorded with respect to the 
applied voltage using a source meter (2400, Keithley instruments Inc., Cleveland OH).  
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7. 4 Results and discussion 
Figure 7-1 presents a schematic of a biohybrid photovoltaic device. Absorbed excitonic 
energy transfer occurs from a natural antenna system, chlorosomes into PbS QDs when light 
absorption range of PbS QDs (energy acceptor) overlaps fluorescence of chlorosomes (energy 
donor). PbS QDs excited either by direct light illumination or energy transfer from chlorosomes 
inject electrons into the semiconducting material, TiO2. Compared to other morphologies, single 
crystal columnar TiO2 films by ACVD have shown superior electron transport. After charge 
separation, PbS QDs are neutralized by a hole scavenger, polysulfide electrolyte.  
Changing the size of QDs is critical for the biohybrid light-harvesting system. Due to the 
quantum confinement effect, energy edge levels change with respect to the size of QDs, which 
influence both the optical properties and the electron affinity of PbS QDs.  
 
Figure 7-1: Schematic of a bio-hybrid photovoltaic device and the energy level diagram of the 
device. 
 
7. 4. 1 Number of cycles of SILAR and their resulting PbS QD sizes 
Table 7-1 summarizes the effect on the size of PbS QDs deposited onto the TiO2 surface 
with different numbers of SILAR cycles: 3, 5, and 7 cycles. With an increasing number of 
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SILAR cycles, more Pb2+ and S2- ions were adsorbed, leading to the growth of PbS QDs. For 3, 
5, and 7 cycles of SILAR, the mean diameter observed from TEM images were 1, 3, and 4 nm 
respectively. From k·p Hamiltonian energy calculation model [10], the size of PbS QDs below 
4.3 nm is favorable for the efficient electron transfer from PbS QDs to the TiO2. For 9 cycles of 
SILAR, the majority of adsorbed QDs were bigger than 4.3 nm, which is the threshold size for 
the electron injection. 
 
Table 7-1: Mean diameter of PbS QDs with respect to different number of SILAR cycles: 3, 5, 
and 7 cycles. 
Number of cycles of SILAR Mean diameter [nm] Standard deviation 
3 cycles 1 0.35 
5 cycles 2.96 0.88 
7 cycles 4.02 1.08 
 
7. 4. 2 Optical property of biohybrid photoelectrodes 
Figure 7-2 indicates UV-vis absorption spectra of PbS QDs-TiO2 films and 
photoluminescence spectra of chloromses. Due to the quantum confinement effect, the red-shift 
in light absorption was observed with the increased size of QDs. Over 5 cycles of SILAR, PbS 
QDs-TiO2 samples began to absorb light in the near infrared regime. Especially, light emission 
from 760 nm, which is characteristics of self-assembled bacteriochlorophyll (BChl) c molecules, 
overlaps with absorptions of PbS-TiO2 films with 5, 7, and 9 cycles. Despite the enhanced light 
absorption around 760 nm, the conduction band of PbS QDs from 9 cycles of SILAR is not well 
facilitated with TiO2.  
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Figure 7-2: UV-vis absorption spectra of PbS QDs with different SILAR cycles (solid lines) and 
photoluminescence spectra of chlorosomes deposited on the FTO by electrospray when excited 
at 450 nm (dashed line). 
 
7. 4. 3 Characterization of biohybrid solar devices 
 
Figure 7-3: IV characteristics of biohybrid solar devices of (A), (B), and (C) under 72 mW/cm2 
illumination. 
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Figure 7-3 depicts characteristic I-V curves of biohybrid solar devices made from 
photoelectrodes (A), (B), and (C), which comprises also summarized in Table 7-2. Since TiO2 is 
only excited by UV light, which is less than 3% of the total solar spectrum, sample (A) hardly 
generates any photocurrent. For samples (B) and (C), the number of SILAR cycles was five, 
considering that its resulting size of PbS QDs provides favorable electron affinity and absorbs 
light to accept energy from the BChl c and a. Depositing chlorosomes onto the PbS QDs, 
however increased both the photocurrent density (0.26 to 0.36 mA/cm2) and energy conversion 
efficiency (0.02 to 0.03%). These improvements might be induced by the interaction between 
chlorosomes and PbS QDs.  
 
Table 7-2: Summary of IV characteristics of biohybrid solar devices of (A), (B), and (C). 
Sample Voc [V] Jsc [mA/cm2] Efficiency [%] Fillfactor 
(A) 0.14 0.01 0.00 0.21 
(B) 0.21 0.26 0.02 0.28 
(C) 0.26 0.36 0.03 0.27 
 
7. 5 Conclusions 
Biohybrid photovoltaic devices were fabricated by employing chlorosomes as light-
harvesting antenna system, and PbS QDs as artificial reaction center. PbS QDs through 5 and 7 
cycles were observed to be favorable for transferring electrons to TiO2 and also satisfying FRET 
model requirement for energy transfer between PbS QDs and chlorosomes. Overall, 1.5 times 
higher energy conversion efficiencies were achieved with biohybrid devices. More 
photoluminescence studies are necessary to confirm the energy transfer from chlorosome to PbS 
QDs.   
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Chapter 8 
Conclusions and Future Work 
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8. 1 Conclusions 
The sunlight-to-energy conversion efficiency of metal oxide photoelectrodes is still too 
low to be commercialized. However, there is plenty of room left for such photoelectrodes to be 
developed, in areas ranging from thin film morphology control to improved optical properties. 
This dissertation addresses aerosol processes for fabrication of photoelectrodes and factors to 
improve their performance. The research will influence both the synthesis methods for thin films 
and the design of devices for solar energy applications. The major conclusions from this study 
are summarized below: 
 
i. The ACVD system is a simple, single step process operating at ambient pressure. 
Different metal oxide films with various morphologies can be controlled in ACVD. A 
columnar structure generates photocurrents most efficiently. 
ii. Sintering rates of deposited particles decide the final film morphologies. Dye-sensitized 
solar cell performance can be improved by columnar TiO2 thin films. 
iii. Pt nanoparticles (0.5~2 nm) were uniformly deposited on nanostructured columnar TiO2 
films. Photoelectrodes deposited with 1nm diameter Pt nanoparticles showed the best 
solar-energy conversion efficiency. The reduced electron-hole recombination rate caused 
by Pt nanoparticle junctions led to improved photocurrent density as well as enhanced 
photocatalytic CO2 reduction. 
iv. Different concentrations of QD suspensions and varied total deposition times were 
applied to find optimal energy conversion efficiency for the photolysis of water. The 
overall energy conversion efficiency is determined by both the number of photons 
absorbed by QDs and the efficiency of electron injection from QDs into TiO2. 
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v. Biohybrid light-harvesting systems were synthesized by combining a natural antenna 
system (Chlorosomes) and artificial reaction centers (PbS QDs). The size distributions of 
PbS QDs were tuned to enable both electron injections from PbS QDs into the TiO2 and 
energy transfer from chlorosomes to the PbS QDs. The IV characteristics of the bio-
hybrid system confirmed the synergetic effect of chlorosomes and PbS QDs. 
 
8. 2 Future work 
8. 2. 1 ACVD synthesis of different metal oxide thin films  
There is no doubt that TiO2 is the most common and widely researched photocatalytic 
metal oxide semiconductor. However, a metal oxide with narrower a bandgap would be more 
practical for harvesting sunlight. Just as nanostructured nickel oxide (NiO) can be synthesized 
from a bis(cyclopentadienyl)nickel vapor in ACVD, the deposition framework can be extended 
to any other oxides which can be formed from vapor precursors. In this way, visible-light-active 
metal oxide thin films, such as hematite (Fe2O3), tungsten oxide (WO3), or cuprite (Cu2O), can 
be synthesized with different morphologies.  
 Besides single component oxides, by co-feeding multiple vapor precursors, either 
complex metal oxides or doped oxides can be synthesized and deposited on the substrate in 
ACVD. For example, it is expected that lithium-magnesium oxide (Li-Mn-O) thin films can be 
used in battery materials. Unique thin film structures would improve the battery performance. 
Due to its tuned bandgap, TiO2 doped with metal ions from another vapor precursor can harvest 
photons in visible light.     
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8. 2. 2 Sintering behavior study during deposition in ACVD 
It was observed in chapter 3 that the sintering is the key process, is determining final film 
morphologies. To explore the sintering behavior more in detail, the size of deposited particles 
needs to be clearly confirmed. One way of characterizing the size of deposited particles would be 
in-situ online size measurement using a SMPS (scanning mobility particle sizer). For high-
resolution data, a high-flow DMA (differential mobility analyzer) is recommended [1].  
A 1D heat conduction model was used to estimate the temperature profile with respect to 
the thickness of each metal oxide microstructures. However, heat convection both from the 
surrounding air to the structure and from the structures to the surrounding air needs to be 
considered. The temperature profile in the reactor chamber also should be taken into account. 
After incorporating these factors, deposition and sintering modeling in ACVD can be reliable.  
 
8. 2. 3 Noble metal-metal oxide composite  
 Different species of noble metals, such as gold (Au) and silver (Ag), or different metals 
including copper (Cu) and nickel (Ni) can be deposited onto metal oxide thin films to synthesize 
(noble) metal composite electrodes. One could sequentially deposit two  different noble metals 
onto the same metal oxide thin film. 
 
8. 2. 4 Quantum dot (QD) deposition by an elestrospray   
 One of the advantages of use of an electrospray is physical deposition of QDs onto the 
metal oxide surface without any linkers. Either QDs with different sizes or different species of 
QDs can be sequentially deposited onto the metal oxide surface. Such multiple layers of QDs 
will harvest more photons in a wider sunlight range.  
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 The deposition behavior of QDs can vary depending on the conditions of QD suspension, 
which involves the suspension concentration and conductivity, applied voltages, and the flowrate 
of the syringe pump. These process parameters can be optimized to maximize the device’s 
performance. 
  Besides QDs, either noble metal particles or metal oxide sensitizers can be deposited by 
an electrospray. 
 
8. 2. 5 Bio-hybrid solar cell device   
 The bio-hybrid solar cell device was composed of an artificial reaction center and a light 
antenna system. In chapter 7, PbS QDs and chlorosomes were used as artificial reaction centers 
and antenna systems, respectively. In the future, different species of QDs with different sizes can 
be used as artificial reaction centers. Otherwise, different species of metal oxide thin films 
without any light sensitizers can be used as artificial reaction centers for charge separation. For 
antenna systems, other natural light harvesting complexes than chlorosomes can be employed. 
The potential candidates for antenna systems are Photosystem II (PSII), Light harvesting 
complexes II (LHII), Phycobilisome, and Fenna-Mattew-Olson (FMO) protein. 
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Design of Highly Efficient Metal Oxide Photoelectrodes 
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To synthesize highly efficient photoelectrodes, four factors should be carefully 
considered: (1) the optical absorption threshold, (2) the light absorption depth, (3) the space 
charge layer and electric field potential, and (4) the electron diffusion length. 
  
A. 1 Optical absorption threshold 
 
Figure A-1: Air mass 1.5 G Solar irradiance spectrum. The data was taken from National 
renewable energy laboratory (http://rredc.nrel.gov/solar/spectra/am1.5/) 
  
Light absorption has a threshold, Eg (the energy band gap) [1]. Photons with Eg produce 
electrons at the conduction band edge. As shown in Figure A-1, solar energy mostly lies in either 
the visible or the near infrared regimes. Due to its wide band gap (3.2 eV), TiO2 can absorb 
photons only in the UV.  
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A. 2 Light absorption depth 
 
Figure A-2: Schematics of Beer-Lambert absorption of light passing through a semiconductor. 
 
 From Beer’s law, the absorbance, A, of a semiconductor is 
€ 
A = ln I0I = ε c l , where 
€ 
ε  is the 
molar extinction coefficient, 
€ 
c  is the concentration of absorbing material, and 
€ 
l  is the optical 
length. For solid-state materials, the concentration of absorbing material is constant. Thus, 
€ 
A = ln I0I =α l , where 
€ 
α  is the absorption coefficient. For example, the absorption depths of Si 
and Cu2O are 100 µm and 5 µm, respectively [1]. If the absorption depth is shallow, thin films 
are sufficiently saturated, where a bulk electrode would offer less efficient saturation. 
 
A. 3 Space charge layer and electric field potential 
 
Figure A-3: Schematics of the semiconductor interface at initial state (left) and at equilibrium 
state (right). Ec, Ef, and Ev refer to the conduction band, Fermi level, and valence band potentials, 
respectively. U is the electric field potential difference. L is the thickness of the semiconductor, 
and W is the space charge layer.  
 
! 173 
 When the semiconductor is in contact with the electrolyte (or another semiconductor), the 
space charge layer is formed on the semiconductor junction interface. The band bending is 
dependent on the Fermi level of the electrode [2]. As Figure A-3 depicts, electrons and holes are 
separated in the space charge layer (where x<W), while they are recombined in the bulk region 
(where x>W) [3]. The space charge layer, W, is [4] 
€ 
W = 2 ε ε0(V −VFB )
ε0 Nd
$ 
% 
& 
& 
' 
( 
) 
) 
1/ 2
,
 
The steeper potential gradient delays the electron-hole recombination. The gradient of the 
electric field potential is [3] 
€ 
dU(x)
dx =
e Nd
ε ε0
(x −W ) , 
where 
€ 
e is the electron charge (
€ 
e =1.6×10−19C), 
€ 
Nd  is the donor density in the semiconductor, 
€ 
ε  
is the dielectric constant of the semiconductor, and 
€ 
ε0  is the permittivity of free space. A higher 
donor density decreases the space charge layer; however, photogenerated electron-hole pairs are 
effectively separated due to the increased potential gradient. 
 
A. 4 Electron diffusion length 
 
Figure A-4: Random diffusion motion of the photogenerated electron in the space charge layer. 
 
 Photogenerated electrons can randomly travel only a certain distance before they are 
recombined with holes. This distance is called the electron diffusion length, Ln [5].  
! 174 
A. 5 The outlook for the ideal photoelectrodes 
 
Figure A-5: Schematics of a planar type thin film (left) and a 1D thin film (right). 
 
The basic components for highly efficient photoeletrodes have been explored. First, a 
low-cost, effective light absorbing material with low band gap energy is recommended. 
Considering saturated light absorption in the semiconductor, the thickness of the electrode 
should be less than the absorption depth. As Figure A-5 illustrates, 1D film morphology harvest 
more photons than typical planar surfaces due to its greater surface area within the same 
footprint. Furthermore, photogenerated electrons (or holes) in 1D films travel less to react with 
the electrolyte, leading lower the recombination rate between photogenerated electrons and holes 
[6]. If possible, the width of 1D structures needs to be less than the space charge layer to 
decrease the recombination of electrons and holes [7]. Thus, the bulk area where electrons and 
holes recombine can be minimized. Lastly, a semiconductor with single crystal structure has 
superior mobility to multi-crystal structures, leading to longer diffusion length of the electron.  
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Appendix B 
Aerosol Chemical Vapor Deposition (ACVD) Set-up 
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Figure B-1: Digital image of the aerosol chemical vapor deposition (ACVD) 
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Figure B-2: Calibration data sheets for (A) mass flow controller (MFC) 1 and (B) MFC 2. 
Actual flowrates were measured using a gilibrator (Sensidyne Gilian, Ohio)  
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B. 1 SOP of the aerosol chemical vapor deposition (ACVD) 
Startup of the system: 
1. Ensure that the water level in the isothermal water bath is full. Fill additional water if 
required. 
2. Connect all power cords into the power plugs. 
3. Switch on the isothermal water bath. Keep the temperature control knob at a setting of 2.5 
and the limit control knob at a setting of 7.5 for a temperature of 21⁰C 
4. Switch on the heating tape control. Keep at a setting of 1 
5. Switch on the switch on the substrate heaters. One of the heaters has two-voltage rating. 
Ensure that it is turned to 120V 
6. Increase temperature on both the heater knobs to a setting of 63 for 500⁰C substrate 
temperature. This needs to be done in a step manner. Increase by 5 in one heater and then by 
5 in the other heater. Repeat till both reach 63. Ensure that there is a 5 sec gap while 
increasing value of one particular heater. 
7. Switch on the multimeter connected to the thermocouple by pressing the power button. Press 
“SHIFT” and then “TEMP” to change thermocouple settings. “UNITS” will be “C”. Press 
“ENTER”. Change “TYPE” to “K” by using the arrow keys. Press “ENTER”. “JUNC” 
should be “SIM” and SIM should be “023”. Press “TEMP” and the temperature will be 
displayed. 
8. Allow the system to heat for 1 hour before starting. 
9. Till then wash the Glass cover, precursor tubing and the mask with soap and water. Rinse 
with ethanol and keep in oven till completely dry. Keep glass cover in horizontal position or 
with the narrow side at the bottom. Ensure that there is no moisture in the precursor tubing. 
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System stabilization: 
10. Place the glass cover on the substrate.  
11. If the temperature of the substrate has not reached the desired value, increase the heat control 
knobs slightly. Allow temperature to reach the desired value. 
12. Attach the precursor tubing to the system. Use 2 wrenches to tighten. Keep the small wrench 
on the top and fix. Use the big wrench to tighten below without moving the top wrench. 
13. Raise the level plate. See that the level plate is parallel using the level indicator. If not 
slightly tilt.  
14. Raise the level plate upto the standard plate level. Check height using level indicator.  
15. Put the third jack to stabilize the substrate plate. 
16. Check all levels again using the level indicator. 
17. Take a glass slide. Cut using a diamond cutter. 
18. Place the glass slide onto the substrate using tweezers. 
19. Open all valves first starting from the cylinder. CH1 on MFC is precursor and CH2 is 
dilution gas. CH1 and CH2 have to be on 0.4 to get columnar structure. 
20. Switch on MFC. This starts deposition on the substrate. 
21. Allow deposition for 3 hours on glass substrate. This is the time needed for the system to 
stabilize. 
22. Switch off MFC. 
23. Lift the glass and take out the slide 
Deposition on ITO slide: 
24. Lower the level plates. Remember to remove the 3rd jack first. 
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25. Remove the precursor-feeding nozzle. Use two wrenches. Keep the small wrench on the top 
and fix. Use the big wrench to loosen the nut below without moving the top wrench. Ensure 
that the system is not moved. 
26. Clean the nozzle with tissue and ethanol. Then blow air into the nozzle to ensure complete 
drying. 
27. Tighten to the setup again as descried in step 11. 
28. Repeat steps 12 – 15 to adjust the level plates. 
29. Take an ITO glass piece. Check the conductive surface using a multimeter. The side, which 
displays finite resistance, is the conductive part. 
30. Keep the slide on the substrate using tweezers with the conductive part facing up. 
31. Place the mask on one side of the slide to ensure deposition free area for attaching the 
electrode. 
32. Start MFC and start the timer. 
33. After deposition switch off the MFC. 
34. Lift the glass cover and take out the mask and then the ITO slide. 
35. Hold the slide using tweezers in air and shake to cool. DO NOT place directly on table, as the 
slide will crack. 
36. After the slide has cooled down, place it on the table. 
37. Repeat steps 23 – 35 for subsequent samples. 
Switching off the system: 
38. Step down the heat in the same way as it was stepped up. 
39. Switch off the heaters. 
40. Turn of the cylinder valve. Then turn off all other valves in the system. 
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41. Turn off the isothermal water heater and the heating tape. 
42. Lower the level plates and remove the nozzle as described in step 24. 
43. Remove the glass cover and place upside down (Narrow portion down) on the side. 
44. Unplug all power cords. 
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Appendix C 
Nanostructured Metal Oxide Thin Film for Gas Sensor 
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Reactor Synthesis of Nanostructured SnO2 Thin Films: High Gas Sensing Properties by Control 
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C. 1 Abstract  
Tin dioxide (SnO2) thin films were deposited on commercial alumina chips using a flame 
aerosol reactor (FLAR) system. The morphology of the thin films was controlled by changing 
various parameters, such as precursor concentration, burner-substrate distance, and deposition 
time. Three typical morphologies of the thin films were achieved, i.e., columnar, column-
granular, and granular structures. The as-prepared thin films with columnar structures 
demonstrated improved sensing performance to ethanol vapor, due to their preferred orientation, 
single crystal phase, and unique morphology. 
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C. 2 Introduction 
Since the discovery of the gas sensing capabilities of metal oxides, in particular 
semiconductors in early 1950s [1, 2], metal oxide based solid state gas sensors are a fast growing 
industry. They find mass-market applications in cabin air quality control in automotive industry, 
toxic- and explosive-gas alarms, and in-door air quality monitoring in residential and office 
buildings [3-8]. Such sensors feature low power consumption, high sensitivity, fast response, and 
relative simplicity [6].  
 A wide variety of metal oxides are used as solid state gas sensor materials, such as tin 
dioxide (SnO2), indium oxide (In2O3), gallium oxide (Gd2O3), tungsten oxide (WO3), and zinc 
oxide (ZnO). SnO2 stands out as the most prominent one due to their superior electronic and 
chemical properties [9]. SnO2 belongs to the category of surface sensitive materials. The 
dispersing conduction band with its minimum at the Г-point and the high mobility of the charge 
carriers ensure that a change in charge carrier concentration results in a strong change in 
electrical conductance of the materials, and thus trigger a gas response signal [9].  
 SnO2 sensors are manufactured conventionally using wet-chemical routes, such as 
hydrothermal [3], sol-gel [10], and reverse microemulsion methods [11]. A typical fabrication 
procedure is as follows. Tin dioxide particles with different sizes and shapes are first prepared by 
the above methods and then deposited on a sensor chip (usually an alumina (Al2O3) substrate), 
which is then subjected to heating at high temperatures (normally > 600 °C) to form a solid 
structure. The dimensions, thickness, and crystallinity of the SnO2 sensor films prepared using 
the above routes can be readily manipulated. These wet-chemical methods, however, suffer from 
difficulty in controlling of composition, which leads to a significant batch-to-batch variation in 
the gas-sensor properties [12]. Moreover, these methods are time consuming and energy 
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intensive, which are not feasible for large scale production. Therefore, to find a suitable and 
rational deposition technology for thin film gas sensors, which ensures the reproducibility and 
controllability of the sensitive layer composition, has long been a major issue in fabricating a 
reliable sensor system.  
 A flame aerosol reactor (FLAR) system has emerged as a promising one for this purpose, 
which can produce a range of materials with diverse sizes and morphologies, ranging from 
particles, fibers, to films [13, 14]. The FLAR technique offers several advantages over other 
methods due to the versatility of the method, which is based on the formation of metal-oxide 
particles through the combustion of precursors either from gases, liquids, or solid materials [14]. 
Another important feature is that the FLAR can be utilized for in situ deposition of sensitive 
layers onto diverse substrates, thus not requiring a subsequent annealing step. A very good 
reproducibility in comparison to wet-chemical methods is thus obtained [12]. The sensitivity and 
selectivity of the deposited sensing material can be tuned by directly modifying the composition 
of the deposited metal oxide or its precursor solution. 
 Several papers dealing with the preparation of SnO2 sensors via the flame method have 
been recently reported [12, 15-18]. Sahm et al. [15] investigated the synthesis and 
characterization of SnO2 nanoparticles from an organic precursor. The as-prepared nanoparticles 
were aggregated and were used to form a thick film sensor using a drop-coating method. The 
flame method was also applied to make porous, thick films formed by in situ thermophoretic 
deposition of pure and platinum-doped SnO2 nanoparticles [12]. High carbon monoxide (CO) 
sensing signals and relatively low detection limit were obtained using the above films [12, 16]. 
SnO2 based multilayer sensor films were also fabricated by the same method. Methane (CH4), 
CO and ethanol (C2H5OH) could be detected using the multilayer sensors [17].  
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 The above flame-made SnO2 films were deposited mainly from nanoparticles using either 
a drop-coating method or in situ thermophoretic technique. The effects of the grain size, 
porosity, as well as film thickness on the gas sensing properties of the SnO2 sensors were 
investigated. However, the correlations between the morphology, surface structure and sensing 
properties of the SnO2 thin films were not discussed. Research has confirmed that the processes, 
which can take place both at the surface and in the bulk of gas sensing materials, including 
adsorption/desorption, reduction/reoxidation, catalysis, and diffusion are relevant in gas sensors 
and strongly influenced by morphological and structural parameters of the sensor materials [6]. It 
has been shown that in addition to the grain size, porosity, and film thickness, the crystallinity, 
grain network, and texture are also essential to gas sensing properties of metal oxide sensors [6]. 
Tricoli et al. [18] recently investigated the sintering effect on the sensitivity and thermal stability 
of silica doped SnO2 nanocrystals synthesized by the flame method. The results showed that the 
open-neck morphology by doping of SiO2 with low contents (1-4%) resulted in higher 
performance due to the enhancement of electron “injection” in the depleted inter-crystal 
boundaries. 
This paper describes a direct deposition of SnO2 thin films using the FLAR method, 
focusing on the investigation of the correlation between film morphology/surface structures and 
sensing properties. Process conditions to control film characteristics were established. The as-
deposited films were characterized using electron microscopy and X-ray diffraction. The 
sensitivity of the films to detect ethanol, methane, and hydrogen was established. A comparison 
of performance of three different morphologies, columnar, columnar-granular, and granular, was 
established. 
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C. 3 Experimental section 
C. 3. 1 Thin film preparation 
 
Figure C-1: Experimental setup of the flame aerosol reactor (FLAR) system for SnO2 thin film 
deposition. 
 
The SnO2 thin films were prepared using the FLAR system (Figure C-1). Details of the 
FLAR system are provided in our previous reports [13, 19]. The experimental unit consisted of a 
precursor feeding system, a FLAR, and temperature controlled deposition substrates. The 
precursor feeding system was composed of a Collison nebulizer (BGI Instruments, MA) 
containing tin (II) 2-ethylhexanoate (stannous octoate) in toluene (Aldrich: 97% purity) through 
which the argon (Ar, Grade 4.8) was used as carrier gas at 1.5 lpm (liters per minute at STP). 
The FLAR was a premixed CH4–oxygen (O2) burner made of a 3/8” O.D. stainless steel tube 
with three 1/8’’ cylinders packed into the middle to through a 0.41 cm2 area, which prevented 
flame blow off and extinction [13]. The CH4 flow rate was fixed at 2.2 lpm and the O2 flow rate 
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was maintained at 8.0 lpm, much higher than the stoichiometric value of 4.4 lpm to ensure 
complete combustion. Additional Ar gas of 9.5 lpm was used for dilution. All gas flow rates 
were controlled by digital mass flow controllers (MKS Instruments, Wilmington, MA), and the 
four gas streams were combined and sent through the burner to the flame region (Figure C-1). 
 Four temperature controlled substrates were used wherein the SnO2 formed in the flame 
was deposited. The substrates used were commercial alumina chips (1.5 × 1.5 mm, 95% purity). 
The sensor substrate consists of a pair of gold (Au) electrodes on the gas sensing layer where 
SnO2 will be deposited, and a heater on the back side for controlling sensor temperature. The 
substrates were immobilized inside a copper mask with four pre-designed openings (see the inset 
in Figure C-1 for details). The substrates were attached to a water-cooled substrate holder to 
control the temperature of the substrate and the resultant crystal phase of the film. Intimate 
thermal contact was established between the substrate and heat sink by applying a small amount 
of silver thermal paste (Arctic Silver, Visalia, CA). The substrate temperature was controlled by 
tailoring the deposition distance between burner head and the substrates. The substrate 
temperature is important to control, because it alters the morphology of the particle-deposit by 
altering the sintering rates as discussed in detail in our previous reports [13, 20]. Other 
parameters, i.e., precursor concentration and deposition time were adjusted as well. The detailed 
test plan was shown in Table C-1. 
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Table C-1: Test plan for SnO2 thin films at different conditions 
Test 
No. 
Precursor 
Concentration 
(M)  
Burner-
Substrate 
Distance 
(mm) 
Deposition 
Time (min) 
Substrate 
Temperature 
(°C) 
Morphology Sensitivity to  
100 ppm Ethanol 
Vapor at 250 °C 
(%) 
1 1.0 30 40 165 Granular 12.1 
2 0.5 30 40 165 Columnar 46.8 
3 0.5 60 40 130 Column-granular 36.9 
4 0.5 90 40 110 Granular 7.5 
5 0.5 30 10 165 Columnar 11.5 
6 0.5 30 20 165 Columnar 42.0 
7 0.5 30 70 165 Columnar 
(Collapsed) 
24.0 
*Gas flow rates (lpm) are CH4 = 2.2, O2 = 8, and Ar = 11. 
 
C. 3. 2 Thin film characterization 
After deposition, the as-prepared SnO2 films were viewed by field emission scanning 
electron microscopy (FE-SEM, S-4500, Hitachi Corp., Tokyo, Japan) at 15 kV to determine the 
film morphology and thickness. For thickness measurements the sensor chips were cleaved down 
the middle of the film and attached vertically to the SEM specimen mount. The films were then 
imaged along a line of sight parallel to the substrate surface to obtain side view images. The 
crystalline phase of the films were determined using an X-ray diffractometer using CuKα 
radiation (XRD, RINT 2200V, Rigaku Denki, Tokyo, Japan). The structure was analyzed using a 
field emission transmission electron microscopy (FE-TEM, JEM-2100F, JEOL, Tokyo, Japan) at 
200 kV. To prepare the sample for TEM, the chip covered by thin SnO2 films were soaked in 
ethanol followed by sonication for an hour. Three drops of the suspension were put on a carbon-
coated copper TEM grid which was subject to drying in air.  
 
C. 3. 3 Sensing property measurement 
The sensing properties of the sensors were measured by a conventional DC electrical 
sensor testing method in different sample gases, C2H5OH vapor, hydrogen (H2), and CH4. Prior 
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to the measurement, the sensor chips were subjected to aging at a working temperature (normally 
250 °C) for 48 hours to ensure the stability of the performance. Three sensor chips were 
measured in parallel and the average values were used to explain the trends. According to 
IUPAC, the sensitivity (%) is defined as the relative variation of the resistance of the sensitive 
thin film in ppm of applied gas concentration: 
€ 
S = Ra − Rgn ⋅ Rg
×100, where Ra and Rg are the electric 
resistances of the sensor in air and in presence of applied gas, respectively, and n is the gas 
concentration in ppm [21]. To explain the selectivity, the response of the thin films, defined as 
€ 
R= Ra − RgRg
, as a function of gas concentration was plotted. 
 
C. 4 Results and discussion 
C. 4. 1 Thin film preparation and morphology control 
The SnO2 thin films were directly deposited on the commercial Al2O3 sensor substrate by 
the FLAR process. To control the film morphology, various characteristic times in the aerosol 
phase, such as the residence time (tres), the reaction time of the precursor (trxn), the particle-
particle collision time (tcoll), and the particle sintering time (tsin) should be considered [13, 20]. 
Depending on different combinations of characteristic times, the deposition process would be 
chemical vapor deposition (CVD), individual particle deposition (IPD) or agglomerated particle 
deposition (APD), resulting in various film morphologies [13].  
 There are several ways to change the various characteristic times. Since information on 
the decomposition kinetics of the precursor, tin (II) 2-ethylhexanoate is limited, the variation of 
residence time may be a practically suitable way to control the film morphology. To change the 
residence time, the burner-substrate distances were adjusted from 30 mm, 60 mm, to 90 mm. The 
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corresponding residence times in the flame thus were estimated as to be 0.42 ms, 0.83 ms, and 
1.25 ms, respectively, by assuming that the flame cross-section was equal to the burner outlet 
area, gases immediately reached the flame temperature and the path-length was equal to the 
burner-substrate distance. 
 
 
Figure C-2: FE-SEM images of SnO2 thin films deposited from 0.5 M tin (II) 2-ethylhexanoate 
in toluene under different burner-substrate distances (a) 30 mm (Test 2), (b) 60 mm (Test 3), and 
(c) 90 mm (Test 4) for 40 min. 
 
Figure C-2 shows FE-SEM images of SnO2 films prepared from 0.5 M tin (II) 2-ethylhexanoate 
toluene solution at different burner-substrate distances. A columnar structure was clearly 
observed at 30 mm (Fig. C-2 (a), Test No. 2). A closer inspection of the column reveals that it 
was composed of several orientated single crystals with a diameter of approximately 50 nm and a 
length of 500 nm. The columnar structure was considered to be formed by the IPD mechanism 
[13]. In this case, the collision of individual small particles generated by the FLAR process is 
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limited. The individual particles deposit on the substrate and then sinter into larger crystals with 
preferred orientation. The morphology of the film was changed from columnar to column-
granular mixed structure by increasing distance from 30 to 60 mm (see Fig. C-2 (b), Test No. 3). 
Finally, a granular morphology was obtained when the distance was measured to 90 mm (Fig. C-
2 (c), Test No. 4).  
The morphology change from columnar to granular can be explained as follows. The 
particle size increases by collisions resulting in the formation of large agglomerates before 
deposition onto the substrate, when the deposition distance was increased. For large particle 
sizes, sintering rates are slower [13]. Thus a loosely packed granular structure is formed at 
increased deposition distances, which are based on the APD formation mechanism [13]. In 
addition to the morphology, film thickness was also established from the corresponding FE-SEM 
images, to be 12, 5, and 5 µm for distances of 30, 60, and 90 mm, respectively. The decrease of 
film thickness with increasing burner-substrate distance was mainly due to the change of film 
morphology and diffusion loss of nanoparticles. Effect of film thickness on the sensitivity will be 
described in the following section. 
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Figure C-3: TEM and HR-TEM images of SnO2 thin films (Tests 2, 3, and 4). 
 
Figure C-4: XRD patterns of SnO2 films with different morphologies. The diamonds (♦) indicate 
peaks corresponding to the Al2O3 substrate. 
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The corresponding FE-TEM images of the crystal tip in the columnar structured thin film (Test 
No. 2) are shown in Fig. C-3. Homogeneous crystal structure was clearly observed without any 
distortion, indicating the single crystal phase and high crystallinity. The crystal lattice was 
calculated to be 0.264 nm, which is assigned to a (101) plane according to the standard reference 
from Joint Committee on Powder Diffraction Standards (JCPDS) No. 77-0450. The crystallinity 
of two representative samples, i.e. the SnO2 thin films with granular (Test No. 1) and columnar 
(Test No. 2) structures, was examined by XRD as well (Fig. C-4). The XRD patterns revealed 
that both films agreed well with the JCPDS reference, in which the diffraction peaks at 2θ = 
26.58°, 33.86°, 37.85°, 39.14°, 51.73°, 54.67°, and 57.51° are assigned to the (110), (101), (200), 
(111), (211), (220), and (002) diffraction planes, respectively. In the case of granular film, the 
highest peak was found to be a (110) plane. The highest peak in the XRD pattern of the columnar 
film, however, was found to be (101), indicating the highly preferred orientation of this pane, 
which was confirmed by the high resolution TEM images (see inset in Fig. C-3). The (101) 
surface is the termination obtained for epitaxial films grown on Al2O3 (
€ 
1
−
02) substrates, which 
has been experimentally observed by several groups by a variety of techniques, including 
reactive sputter deposition, pulsed laser deposition, pulsed electron beam deposition, and atomic 
layer chemical vapor deposition. An epitaxial relationship of 
€ 
[1
−
01]SnO2 [101
−
]Al2O3  for the SnO2 
(101) films on Al2O3 (
€ 
1
−
02) has been established [9, 22-23].  
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C. 4. 2 Gas sensing properties 
 
Figure C-5: Sensitivities of various SnO2 thin films synthesized at various conditions to 100 
ppm ethanol vapor (a) two tin (II) 2-ethylhexanoate precursor concentrations (Tests 1 and 2), (b) 
three burner-substrate distances (Tests 2, 3, and 4), and (c) four deposition times (Tests 2, 5, 6, 
and 7). 
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The sensitivity of the SnO2 sensors in 100 ppm (parts per million) ethanol vapor as a 
function of several parameters, precursor concentration, burner-substrate distance, and deposition 
time, is plotted in Figure C-5. From Fig. C-5 (a) (Test No. 2), the sensors prepared from the 
precursor with the lower concentration, i.e. 0.5 M, showed better performance. The highest 
sensitivity of the film to 100 ppm ethanol vapor was measured to be 50%, much higher than the 
commercial standard of 10%. The sensors prepared at 1.0 M (Test No. 1) showed relatively low 
sensitivity (approximately 10). The reason for the phenomena was attributed to the morphology 
of the thin film. The structure of the high sensitivity film was formed by particles with the IPD 
mechanism. The precursor with higher concentration generates more particles than lower 
concentration case, due to faster formation and growth rates. At high temperature, particle 
growth is limited by the rate of particle collisions. Higher concentration generates larger 
particles, and they are not completely sintered on the substrate. Thus, granular structure was 
formed on the substrate. However, lower precursor concentration generates smaller particles, 
which can be sintered faster than the larger particles. These particles result in a columnar 
structure. For the above reasons, we chose 0.5 M as the standard concentration for the remainder 
of the experiments.  
 Fig. C-5 (b) reveals the effect of the burner-substrate distance on the sensitivity. Highest 
sensitivity was achieved at the distance of 30 mm, where a columnar structure was obtained (Fig. 
C-2 (a), Test No. 2). The performance becomes worse as the distance increases, which is due to 
the change of morphology of the film, as explained earlier (in Fig. C-2, corresponding to Tests 
No. 2-4). The decrease of the film thickness was another reason [24]. Based on the above, 30 
mm was selected as the optimal distance to establish the influence of deposition time (Fig. C-5 
(c)). From the figure, optimal performance was found at the deposition time ranging from 20 
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(Test No. 6) to 40 min (Test No. 2). The deposition time of 10 min (Test No. 5) is too short 
resulting in low thickness and crystal growth of the film. Very long time (70 min, Test No. 7) 
also result in poor performance films.  The thermal conductivity decreases with increasing 
deposition time, indicating its inverse proportionality to film thickness. Mainly agglomerated 
particles are deposited on the top surface of the film. They can be easily removed by high flow 
impact, leading to a collapsed columnar morphology resulting in poorer performance. The above 
results revealed that the film thickness has no significant influence on the sensitivity.  
 
Figure C-6: Selectivity of SnO2 thin films prepared from 0.5 M tin (II) 2-ethylhexanoate in 
toluene at the burner-substrate distance of 30 mm for 40 min (Test 2). 
 
The selectivity of the SnO2 sensor with columnar structure (Test No. 2) was also 
investigated in three different sample gases, i.e., C2H5OH vapor, H2, and CH4, at a measuring 
temperature of 250 °C. The response as a function of gas concentration was plotted in Fig. C-6. 
The sensors have a very high selectivity to ethanol vapor. For example, the response to 1000 
ppm ethanol vapor was measured as high as 207. However, they are not very sensitive to H2 and 
CH4, with corresponding responses of 6.9 and 1.2, respectively at 1000 ppm. The results indicate 
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that the SnO2 sensor made in this work can thus be used as an effective and selective ethanol 
sensor.  
 
Figure C-7: Time response and recovery of the SnO2 sensor with columnar structures. 
 
Gas sensing response and recovery of the sensors was also tested as shown in Fig. C-7. 
The results demonstrated that the highest resistances were measured in air. Upon introducing 100 
ppm ethanol vapor, the resistance decreased dramatically and the lowest resistance of 5.2×106 Ω 
was achieved. Adsorbed negatively charged oxygen species are believed to be responsible for 
this phenomenon. In general reducing gases increase the conductivity of the SnO2 gas sensing 
material while the opposite holds true for oxidizing gases [25]. It was found that the response 
and recovery times for the SnO2 sensor with columnar structures to 100 ppm ethanol vapor at 
250 °C were 23 and 46 seconds, respectively, which are comparable to commercial sensors. 
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C. 4. 3 Correlation between gas-sensing properties and sensor morphology 
Higher performance of the SnO2 sensors were achieved for columnar-structured thin 
films compared to other morphologies. The reason can be explained from the basic metal oxide 
based sensing mechanism and the surface properties of SnO2. In general, gaseous electron donors 
or acceptors adsorb on the SnO2 surface to form surface states, which can exchange electrons 
with SnO2. An acceptor molecule will extract electrons from SnO2 and thus decrease its 
conductivity. The opposite holds true for an electron-donating molecule. A space charge layer is 
thus formed. By changing the surface density of donors/acceptors, the conductivity of the space 
charge region is modulated so that the conductivity of SnO2 changes in response to analyte gas 
concentration changes. These chemically induced changes can then be transduced into electrical 
signals by means of a simple electrode structure (conductivity measurements). The overall 
conductivity in a metal oxide based sensor is determined by the analyte gas surface reactions, the 
subsequent charge transfer processes between adsorbed gaseous species and the semiconductor 
oxide materials, and the transport mechanisms within the sensitive oxide layer [3].  
For tin dioxide, the band bending effect is considered as the main mechanism for gas 
sensing [9]. In porous, polycrystalline SnO2 materials, such as thin films with the granular 
structure in this work which were formed by agglomerated particles, the best way to describe the 
conduction process is to consider that the free charge carriers (electrons or holes) must overcome 
the inter-granular barriers that result from band bending at the adjacent surfaces of neighboring 
grains [26, 27]. This effect is due to the formation of Schottky barriers at grain boundaries of 
particles [28]. Additional energy is required to overcome these barriers for charge transport 
across these grain boundaries. However, in the case of columnar structured thin film sensors, 
there are less grain boundaries compared with those formed by particles. The highly oriented 
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single crystalline SnO2 columns have well distributed space charge layers and fewer resistances 
in comparison to the polycrystalline SnO2, which can enhance the charge transfer inside the film 
and hence improve the chemical and electrical properties of the sensor. In addition, the single 
crystalline and epitaxial growth features of the SnO2 columnar thin films are also considered as 
the key factors ensuring their high thermal stability [6]. Based on the aforementioned 
explanations, it is also reasonable that the SnO2 thin films with the column-granular structure 
exhibited medium performance since they are intermediates between columnar and granular 
sensors. 
 
C. 5 Conclusions 
SnO2 thin films with different morphologies were successfully deposited by using the 
FLAR system. Several features of this work merit highlighting: (a) the thin film with excellent 
sensing property to ethanol vapor was deposited on a commercially available alumina chip, ready 
for industrial application; (b) the film was obtained in a rapid manner within several tens of 
minutes, saving time and energy; (c) the morphology of the film was directly tailored by 
adjusting precursor and process parameters, such as precursor concentration, burner-substrate 
distance, and deposition time, avoiding cumbersome posttreatment; and (d) three typical 
morphologies of the film, i.e., columnar, column-granular, and granular structures, could be 
achieved, enabling their various sensing properties and applications. The as-prepared thin films 
with columnar structures demonstrated improved performance, in particular to ethanol vapor, 
due to their preferred orientation, single crystal phase, and unique morphology.  
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